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ABSTRACT 
Fabrication and Characterization of II-VI Semiconductor Thin 
Films and the Study of Post Doping Effects 
II-VI semiconductors have great importance in solar cell applications due to their 
excellent optical and electrical properties. This thesis is mainly concerned with the study 
of II-VI semiconductor thin films with a particular interest in their potential application in 
solar cells. A coating system based on close spaced sublimation (CSS) has been 
developed and thin films of zinc telluride (ZnTe), Zn and Te enriched ZnTe, cadmium 
sulfide (CdS) and cadmium zinc sulfide (CdZnS) were fabricated. 
CdS is transparent to electromagnetic radiations; in particular to the visible and infra-red 
regions and are highly resistive materials. This research work pertained to improve CdS 
thin films as window materials using close spaced sublimation technique. The 
optimization of deposition parameters including vacuum in the chamber, distance 
between source-substrate, source and substrate temperatures are all investigated. 
ZnTe has been used as a buffer layer between CdTe and the metal back contact in II-VI 
semiconductor solar cells due to its compatibility with p-type cadmium telluride (CdTe). 
The purpose of the buffer layer is to help CdTe form a good Ohmic contact with the 
metal back contact, however, ZnTe itself is highly resistive. The main goal is to reduce 
electrical resistivity of ZnTe for its use as buffer layer in the back contact. The resistivity 
of the ZnTe thin film is modified by doping with silver (Ag) and/or copper (Cu). The 
compositions of zinc (Zn) and tellurium (Te) in the enriched (Zn or Te) ZnTe thin film is 
also explored to lower the resistivity of ZnTe film, which has not been reported earlier 
using CSS technique. In all these processes, the structural, surface, electrical and optical 
properties are studied for strong correlation. Ion exchange process is adopted for Ag and 
Cu doping in as-deposited ZnTe thin films with subsequent annealing.  
CdS is a potential candidate for window layer due to its suitable and tunable energy band 
gap (2.42 eV). Effects of doping are investigated on the structural, electrical and optical 
 xi 
properties of CdS thin films fabricated by the CSS technique. These properties of 
fabricated CdS thin films are found to be suitable for solar cell applications. To enhance 
band gap, CdS and Zn powder are mixed mechanically with different weight percentages 
to deposit thin films CZS fabricated by CSS technique that has not been documented 
earlier. The increased energy band gap for CZS is 2.57 eV, which has improved the 
window region. 
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Chapter 1 Introduction 
  
Introduction 
 
2 
In this chapter a brief introduction of renewable energy, CdTe/CdS based solar cell, its architecture and 
working principle are given. It also discusses the aim of this research work. 
1.1 Introduction  
World population is increasing day by day and has crossed figure of 6 billion till now. 
The main problem is energy, required to sustain life on earth. The electricity requirement 
for the whole world was about 18 trillion kWh in 2006 [1, 2]. The energy covered with 
combustion of fossil fuels like gas, oil and coal is harmful for environment. The 
increasing demand of energy makes humans innovate alternative sources of energy that 
will fulfill the requirements and will not be harmful for environment. The renewable 
energy sources are the best option according to the requirements for harvesting energy 
from sun and solar cell is a potential candidate to meet the challenges. The energy 
produced by renewable sources are favorable for environment and don‟t have chemical 
hazards which makes environment clean, friendly and healthy. Renewable energy is also 
named as clean energy due to these reasons [3-5]. Many energy sources alternate to fossil 
fuels can be used, like solar, wind, geothermal and hydro etc. [6]. The development of 
these sources will be helpful to wean us off from fossil fuels [7, 8]. Solar energy resource 
has the amount of 2730000 x 10
18
 J per year and only 0.3 x 10
18
 J per year currently is in 
use; a significant amount is being wasted [9]. 
The sun is the past, present and future of life. Solar energy is the primary source of 
energy. Without this source nothing would exist on the earth mainly by providing energy 
to plants for photosynthesis [10, 11]. Only a part of sun‟s energy reaches the earth‟s 
atmosphere almost 30% is reflected back into space and ~ 20% is absorbed in the clouds 
and air. Only ~ 0.01% of solar energy reaching the earth‟s surface is required to fulfill the 
world energy needs. The Spectral irradiation as a function of wavelength from sun to 
atmosphere is shown in Fig. 1.1, where sun is assumed as a black body having a 
temperature of 5800 K. At this temperature of the sun surface, the solar spectrum has a 
maximum value in the visible part of the solar spectrum [4]. 
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Among various types of solar cells, the most common type of solar cell is based on 
silicon technology and recognized as a first generation solar cell due to its manufacturing 
infrastructure on large area. The efficiency of these cells is also limited due to narrow 
energy band gap. Silicon single crystal is expensive and due to its high manufacturing 
cost, the single crystal silicon is replaced by a variety of polycrystalline solar cells. The 
polycrystalline solar cell materials are the promising candidates in photovoltaic energy 
conversion. Polycrystalline copper indium gallium disellenide (CIGS), amorphous silicon 
and cadmium telluride (CdTe) based solar cells are some of the types of polycrystalline 
solar cell. These polycrystalline / amorphous solar cell are cost effective but are 
comparatively less efficient to silicon single crystal solar cells [12].  
 
Figure 1.1  Spectral irradiation as a function of wavelength from sun to earth 
atmosphere [4] 
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1.2 CdTe/CdS based solar cells 
1.2.1 Cell’s Architecture  
CdTe belongs to II-VI semiconductors family and gained attention of researcher due to 
high absorption [13]. It is a direct band gap semiconductor with an optimum energy band 
gap 1.45 eV [14]. CdTe is used as an absorbent layer in the second generation solar cell. 
The role of CdTe is to absorb maximum light coming from the window layer and 
generate significant amount of electron hole pairs to obtain high performance of the cell 
[15]. Schematic of CdTe based solar cell with working principle is shown in Fig 1.2. The 
other parts of the solar cell containing window layer and back contact also have 
significant importance in the functionality and enhancement of the efficiency of the cell.  
The main role of the window layer is to form p-n junction between the window and the 
absorbent layer. It has to pass/transmit maximum light coming from the sun to reach at 
junction region. For this purpose, the window layer should have a wide energy gap as 
compared to the absorbent layer. The lattice mismatch should be minimum with 
absorbent layer material. More importantly, it should not capture photons [16]. 
The back contact formation is difficult in CdTe based solar cell due to its high work 
function and thus formation of metal Ohmic contact with it. This problem is overcome by 
introducing an interfacial or buffer layer between CdTe and the metallic back contact, 
which helps to form a good Ohmic contact. The back contact assembly should be low 
resistive and having p-type conductivity.  
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Figure 1.2 Schematic and working of solar cell 
 
It is superstrate arrangement, in which soda lime glass on the top having transparent 
conducting oxide coating. The transparent conducting oxide coating makes the glass 
conducting as it is low resistive (10-40 Ω) and optically transparent (˃ 95 % T). The 
second layer is CdS window layer having small thickness to allow maximum light for 
transmission through it. The third layer is the CdTe absorbent layer; it absorbs maximum 
light and creates electron hole pairs. Finally, the buffer layer ZnTe (part of the back 
contact) is deposited.  
Window layer material is important part of solar cell as more and more light is required 
to create electron hole pairs in absorbent layer. Cadmium sulfide is usually used as a 
window layer deposited by chemical bath deposition (CBD) technique in maximum 
reported efficiency (16.5 %) [17, 18] CdS has energy band gap 2.42 eV at 300 K and 
absorption edge on 516 nm [19]. The solar spectrum peak intensity in visible region start 
about 500 nm, it shows more than 20 % light is absorbed in window layer. Many 
attempted have been done to improve or replace CdS window layer to any other material 
[20-25].  
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It is desirable to enhance the photon transmission through window layer by tuning the 
energy band gap towards lower wavelength and transmit the light which was absorbed. 
CdZnS is a direct band gap ternary compound with energy band gap larger than CdS and 
behaves like n-type as reported earlier [26]. 
Back contact layer is another important part of CdTe based solar cells. CdTe has a high 
electron affinity value and thus poses problems to form direct Ohmic contact with metal. 
This problem is overcome by introducing another p-type semiconductor layer in the 
assembly of the back contact. Zinc telluride (ZnTe) is a p-type material and used as an 
interfacial/buffer layer between CdTe and the metal back contact in cells formation. Due 
to self-compensation effect it remains a p-type material [27]. The resistivity of ZnTe is of 
the order 10
7
-10
9
 Ω-cm [28-30].  
1.2.2 Working Principle 
The principle of solar cells based on photoelectric effect and lies in clean energy region 
due to no waste products. Solar cells mostly made of semiconductor materials having 
large area p-n junction. P-type material absorbs photons from sun light fall on it, the 
electrons absorbs these photons and move through the band gap of semiconductor due to 
excitation. The electron hole pairs are generated in the result of excitation of electrons. 
The electron from n side and hole from p side moves and recombine at the interface. The 
recombination results the formation of depletion region and hence the electric field is 
established across the junction [12]. Electric field is responsible to separate the charge 
carriers and these carriers are collected on the two contacts as shown in Fig. 1.3. 
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Figure 1.3 Working principle of pn junction 
1.3 Aims of research work 
Main focus of this research is to attain low resistive back contact buffer layer and to 
minimize the window layer absorption losses for CdTe based solar cell. ZnTe is used as a 
buffer layer between the CdTe layer and the metal back contact material, while CdS as an 
active window layer material. The window layer should have high transparency. The 
buffer layer back contact should be low resistive. Many attempts have been made to 
achieve good transparency with low resistivity, yet industry demands further 
enhancements. Primary focus is to optimize the deposition parameters using CSS 
technique to fabricate ZnTe and CdS thin films. 
Doping of Ag, Cu and fabrication of Zn and Te enriched ZnTe thin films as interfacial 
layer between CdTe and metal back contact with reduced material‟s resistivity is 
obtained. This research opens a path way and helps to improve the physical properties of 
ZnTe thin films. Correlation between the optical, electrical along with structural and 
surface properties is also studied.  
The addition of Zn in CdS (CdZnS) thin films using CSS technique enhanced the energy 
band gap to make it as a good window layer material. 
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In order to achieve the set goals, a system based on close spaced sublimation was 
designed and installed in Thin Films Technology Research Lab at CIIT, Islamabad. 
1.4 Preface 
This thesis consists of nine chapters and the conclusions.  
Chapter one is a brief introduction to solar cells, working principle and issues related to 
efficiency discussed. 
Chapter two deals with the history of thin film and describe their importance. The 
physical processes involved during fabrication of thin film are discussed. The chapter 
also presents brief review of the literature available on II-VI semiconductors especially of 
ZnTe and CdS semiconductors.  
Chapter three covers the fabrication technique that has been developed by the author in-
house, the close spaced sublimation (CSS) technique. It explains the important organs of 
the system. Characterization techniques including X-rays diffraction (XRD), scanning 
electron microscopy (SEM) and energy dispersive X-rays spectroscopy (EDX) along with 
their working principle have been discussed. The calculations of refractive index, 
thickness and energy band gap with Swanepoel model are described in this chapter with 
electrical characterization parameters. 
Chapter four deals with the optimization of the fabrication of ZnTe thin films using CSS 
technique. This research work has been published in Chalcogenide Letters (Investigation 
of substrate temperature effects on physical properties of ZnTe thin films by close spaced 
sublimation technique, Chalcogenide Letters, 10 (2013) 273 – 281).  
Chapter five explains the effects of silver doping on structural, surface, optical and 
electrical properties of ZnTe thin films used as the buffer layer to back contact in second 
generation solar cell. Effect of silver doping on ZnTe thin films have been published in 
Thin Solid Films (Physical properties of sublimated zinc telluride thin films for solar cell 
applications. Thin Solid Films, 544 (2013) 307-312) 
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Chapter six deals with effects of copper doping on the physical properties of ZnTe thin 
films. Some of the results are published in Current Applied Physics (Effects of metal 
doping on the physical properties of ZnTe thin films, Current Applied Physics, 14 (2014) 
282-286.) whereas the remaining part is under review.  
Chapter seven contains the study on enrichment of Zn and Te on ZnTe thin films using 
CSS technique, the research work is not reported earlier with the CSS technique. The 
research work in this chapter opens a new gateway for researcher to control the 
stoichiometric arrangement using CSS technique.  
Chapter eight describes the fabrication of CdS thin films. The effects of thickness on 
optical and electrical properties are discussed. The research work is published in AIP 
conference proceedings (Study of Cadmium Sulphide Thin Films as a Window Layers, 
AIP Conf. Pro.  1476 (2012) 178-182). 
Chapter nine shows the properties of CdZnS thin films fabricated using CSS of a 
mechanically premixed source. Such mechanical premixing for II-VI materials is not 
documented earlier with CSS technique. This work has been published in Journal of 
Optical Materials (CdZnS thin films sublimated by closed space using mechanical 
mixing: A new approach, Optical Materials, 36 (2014) 1449-1453).  
Conclusions from this study are given at the end of the thesis along with the suggested 
future recommendations.  
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This chapter includes a brief review of thin films, deposition techniques, importance of close spaced 
sublimation (CSS) technique and II-VI semiconductor materials involved in this research work. 
2.1 Role of thin film 
Thin film semi-conductor is of the order of micro to nano-meters having smooth layer 
formed by the growth and nucleation processes. The nucleation process depends on 
condensing individual interacting atoms or ions on the substrate. The deposition 
parameters and thickness of the thin film influence strongly on the physical as well as 
chemical characteristic of the films [1-3]. 
The physical properties of thin films which prominently include electrical and optical 
characteristics are examined by the chemical composition and morphology (structure, 
interface with surface and uniformity). These properties are highly dependent on the 
fabrication technique of the film, deposition parameters and post deposition treatments. 
Bulk and the thin film properties such as optical, electrical, thermal and magnetic differ 
greatly with each other [4-10], mainly due to the significant difference in surface to 
volume ratio. The substrate and the thin film interface also affect the surface mobility, 
adsorption of gases, surface topology, chemical reactions and crystallographic orientation 
[1].  
The first deposition technique for thin films was developed in 1850 by M. Faraday and T. 
A. Edison, Arago, Fizeau, Wernicks and Wiener. They also contributed to find the 
thickness of thin films. In electrochemistry, the gold plating was used by Galvanics on 
commercial bases. Dennis Taylor published his book on testing and adjustment of 
telescope objectives in 1891. In 1899, Fabry-Perot designed a new interferometer which 
later became a thin film filter.   
Rouard observed, in 1932, a very thin metallic film may reduce internal glass plate‟s 
reflectance. John Strong 1936, introduced anti reflection coating of fluorite by 
evaporation inhomogeneous films which remarkably reduced the reflectance of glass 
slide by 89 %. The first thin film metal-dielectric interface filter was invented by 
Geffcken in 1939. Mechanical and optical coating applications were carried out mostly 
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military on industrial bases in 1940. The thin films industry was revived in mid-sixties as 
an integral part of optical and semiconductors. Thin films were used as surface decoration 
items in 1960s. In 1970s, physical vapor deposition (PVD), chemical vapor deposition 
(CVD) was developed. Since then, use of thin film use has increased dramatically to most 
fields. The tailoring of microstructures of atomic and mesoscopic scale e.g. Cu-
technology in electrochemistry and quantum dots using PVD was developed in 1995 and 
used as integrated circuits [11-20]. 
As the year 2000‟s turn, the defined structure and composition of nano-crystalline 
material was manufactured for protective coating. The sizes were at nm range with highly 
ordered deposition in two and three dimension. The further up scaling of thin film coating 
for industrial applications on glass involving the ternary and quaternary material systems 
was started in 2004. The organic electronics led by organic coating was developed in 
around 2006. On the basis of these developments, nanotechnology established.  
Physics of thin films is divided into two parts 
 Thermodynamics and kinetics 
 Solid state physics 
Thermodynamics is a bridge between microscopic parameters e.g. internal energies and 
macroscopic parameters like temperature, heat, volume and pressure. Kinetics is the 
study of energy conversion between heat and the mechanical work. The important aspects 
of thermodynamics are mainly involved with thermal equilibrium, entropy and laws of 
thermodynamics shown in Fig. 2.1. Thermodynamics of films is mainly classified into 
two types:  
Phase transition: It is the transformation of liquid to solid and solid to liquid. In thin 
film‟s formation, gas molecules are condensed into solid due to the temperature, volume 
and pressure, causing phase transformation. Phase transition is expressed in phase 
diagram represents the equilibrium conditions as a function of temperature, composition 
or pressure of system 
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Figure 2.1 Solid-liquid system and free energy [8] 
Nucleation: The production of a new phase is called nucleation. As the liquid cools down 
just below its freezing point, the energy difference between liquid and solid is volume 
free energy ΔGv. This free energy increases as the solid grows and an interface is 
established between solid and liquid. The decrease in free energy makes possible for 
nucleation. The surface formation and volume transition happens at energy minimization. 
A surface free energy „σ‟ is related to its interface. As the surface free energy increases 
the solidification also increases [3]. The change in free energy in homogenous nucleation 
is 
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r is the radius of embryo sphere and (4/3)πr3 is the volume of sphere, also 4πr2 is the 
area of spherical embryo [4]. Free energy is negative for volume transition if vapor phase 
is in super saturation and positive for surface formation. 
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Main classes of solid state physics are: 
 Crystalline 
 Amorphous 
The regular pattern of atoms is crystalline solids, the study known as Crystallography and 
the irregular arrangement is amorphous. 
Crystallography is the study of arrangement of atoms in solids. Lattice and the basis 
combination make the crystal structure. Lattice is the regular arrangement of atoms 
whereas basis is a group of atoms located in lattice at each point. Primitive cell is a 
building block of crystalline solid. 
When all points in a lattice are identical, it is known as Bravais lattice e.g. Na, Cl etc. If 
the atoms are not of the same kind, it is a non-Bravais lattice e.g. NaCl. There are 
fourteen Bravais lattices that have been classified into seven sets in three dimensional 
arrays.  
2.2 Fabrication of thin films and mechanisms 
Fabrication of thin films is the process of growth and nucleation on the substrate. The 
crystallinity and the microstructure are determined by the nucleation as a result. The 
initial nucleation is an important process for the thickness of films in the nano meter 
range. The interaction between film and the substrate are important in order to determine 
the initial nucleation and film growth. There are three basic modes of nucleation listed 
below [5] as shown in Fig. 2.2. 
 Layer or Frank-van der Merwe growth 
 Island or Volmer-Weber growth 
 Sland-layer or Stranski-Krastonov growth 
Frank-van der Merwe growth: where the growth, species have strong bond with substrate 
than each other. Epitaxial growth of single crystal is the example of Frank-van der 
Merwe growth. 
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Island or Volmer-Weber growth: Where the growth species have much stronger bond as 
compared to the substrate. The metals on insulator substrate like alkali halides, graphite 
and mica substrate showed such type of nucleation during initial film growth. 
Stranski-Krastonov growth: Stranski-Krastonov growth is an intermediate combination of 
island and Frank-van der growth. It involves the stress, which is created during the 
formation of film.  
 
Figure 2.2 Growth mechanism of thin films 
2.3 Deposition techniques 
There are different techniques for fabrication of thin films, each technique has its 
advantages and disadvantages to optimize desired film properties. These techniques are 
mainly divided into different classes [20-30]: 
 Chemical vapor deposition (CVD) 
 Physical vapor deposition (PVD) 
 Electro-chemical deposition (ECD) 
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 Electrolyses or solution growth 
The main emphasis will be on the physical vapor deposition, in particular - thermal 
evaporation. 
2.3.1 Physical vapor deposition 
It is the process in which growth species transfer from source and deposit on the substrate 
to fabricate the film. It does not have a chemical reaction and it proceeds atomically. The 
thickness can vary from several angstroms to millimeter. This method is further divided 
into two parts 
Sputtering: It is the process, where atoms are ejected from solid target due to energetic 
bombardments of particles. It is useful for compounds or mixture, where various 
components tend to evaporate at different rates. Targets are kept at relatively low 
temperatures. Sputtering is not the kind of evaporation, which makes it a flexible 
deposition technique. Schematic of sputtering is shown in Fig. 2.3. 
 
Figure 2.3 Schematic of sputtering 
Evaporation: The atoms or molecules are accommodated by heat from a material in 
liquid or solid phases, which has some equilibrium pressure (saturated vapor pressure) in 
a closed system. The temperature T at equilibrium and the number of particles having 
molecular weight M is evaporated using kinetic theory [9]:  
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Where Ne is the molecular flux and Pe is vapor pressure at equilibrium (torr). If the 
equilibrium is not maintained in the system there will be a temperature difference in some 
parts. The vapors will be condensed at the cooler parts and the transfer of material will 
take place from evaporation source to cooler substrates. So the deposition by evaporation 
of a film is a non-equilibrium process. The energetic particles move along a straight line 
until they collide with atoms of residual gas. The space between source and substrate 
must be evacuated in order to provide long mean free path [6-8]. 
Heat is supplied for vaporizing and maintaining the charge to produce required vapor 
pressure. An electric heater is used as a thermal evaporator to melt the material and raise 
its vapor pressure to a desire range. It could be achieved at high vacuum, to reduce the 
impurities from residual gas in vacuum chamber. 
An ablation process can be achieved by Pulse Laser Deposition (PLD); a laser light 
vaporizes the material from the surface and converts it into plasma. This usually changes 
to gaseous state before sticking onto the substrate [10]. 
The vacuum has great importance in fabrication or deposition of thin films. A vacuum 
assures collision free transfer of material; it reduces energy transfer and provides a 
contamination free region. Vacuum can also reduce boiling points of desired materials 
[31-34]. Different levels of vacuum are achieved by using different vacuum pumps.  
In a common vacuum pump, the gas particles are pumped from chamber to the 
atmosphere in one or more steps. In the other type, the particles are chemically condensed 
to remove at a solid wall, which is a part of boundary of chamber. Here are the main 
types of pumps according to their working principle. 
Vapor-steam pump: Vapor-steam pumps are used to pump out gas molecules that are 
directed towards the substrate. It can be achieved with the help of heavy molecules from 
vapor pump. A liquid reservoir is boiled to produce heavy vapor molecules. 
Mechanical pump: Mechanical pumps trap the gas, compress it, and move it from low to 
high pressure. The gas is moved directly or indirectly through a second back up pump. 
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Chemical pump: In chemical pumps, molecules are removed from the chamber, 
chemically combines with substances like titanium (getter). These are converted and 
trapped in solid phase. Evaporator or stutterer is used to disperse the getter from the 
pump‟s surface. 
Vacuum gauges are used to measure the pressure inside the chamber. Pirani gauge can 
read the chamber upto10
-3
 mbar. The working principle of Pirani gauge is thermal 
conductivity of gases. For higher vacuum, penning gauge is used for a vacuum up to 10
-6
 
mbar. Penning gauge works on the principle of momentum transfer. 
2.4 Close spaced sublimation (CSS) technique 
Close spaced sublimation (CSS) technique is one of the best techniques for fabricating 
good quality films. Maximum reported efficiency (16.5 %) of II-VI solar cell is due to 
CSS and chemical bath deposition technique. The main advantage is the simplified 
deposition with high transport rate under low vacuum conditions. The source material 
sublimates and condenses due to vapor on substrate, which is very close to source.  
Commonly 15-20 mg material is used for deposition of film; rough films can be 
fabricated due to high flux as compared to other technique [35, 36]. The main advantages 
of CSS are given here; 
 The coating system is simple and easy to handle.  
 Under low vacuum conditions, high transport efficiency can be achieved. 
 The heating arrangement of source and substrate is directly and separately. The 
temperature gradient is maintained by mica sheet between source and substrate 
which enhances the stickiness of atoms to the substrate. The space between source 
and substrate (5 mm) is very small but can be varied.  
 A very small loss of material as compared to other techniques in PVD.  
 The vapor pressure is extremely high as compared to thermal evaporation, two 
source and e-beam evaporation techniques. Knudsen evaporation expression 
explains this effect; 
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 where dN/dt gives number of atoms per unit surface area (cm-2), C is constant 
depends upon degree of rotational freedom, P* is vapor pressure of material at 
temperature T and P denotes the vapor pressure above surface [8].  
The deposition through CSS technique depends upon the transportation of gas from 
source to substrate and the sublimation on the surface of source as well as on the 
substrate [37]. High deposition rate is one of the main features of CSS which makes it 
distinguish from the others techniques. Our experience on CSS tells us that growth and 
material transport atom strongly depend upon source-substrate distance and temperature, 
ambient pressure and also on source material [38]. 
The source and substrate spacing should be very small for good quality film, allowing 
increasing the deposition rate and reducing the material consumption. It is also favorable 
that source material should completely be deposited on to substrate. Distance between 
source and substrate are inversely proportional to the growth rate [39]. 
The deposition rate increased as the source temperature is increased under vacuum [40]. 
The temperature of substrate affects the resistivity of the films; increase in substrate 
temperature decreases the resistivity of the films. The grain sizes can be increased with 
higher temperature of substrate. The surface mobility of deposited species increases due 
to less nucleation sites and hence the larger grains are formed [41]. 
Some disadvantages are also mentioned as: 
 No shutter arrangement in this system to control the deposited atoms or 
molecules. 
 Growth rate cannot be observed during evaporation.  
 No thickness monitor due to small distance between source and substrate to 
control the thickness and at one time, only one film can be fabricated. 
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Vacuum also plays an is important role to enhance the transportation of molecules from 
source to substrate; higher growth rates are obtained due to larger mean free path as 
compared to gas filled chamber. Vacuum helps to grow of relatively thick films as 
compared to gas filled chamber without large number of cycles. The most importantly 
another advantage of vacuum is that, thin films can be grown at lower temperature due to 
inter-diffusion processes [42-43]. Complete CSS setup was erected in-house, see details 
in chapter 3. 
2.5 II-VI Semiconductors 
The electrical properties of semiconductors have great importance, and can be tailored to 
the requirements. The energy band gap of semiconductor material (  1 eV) varies with 
temperature. These features make semiconductor materials an integral part in most 
electronic devices. Semiconductors are doped with other elements to provide desired 
electrical conductivity and/or optical energy band gap. Research of new materials or 
improvements in the properties of current semiconductor materials is always welcomed. 
Semiconductors are classified into elemental and compound semiconductors. 
Semiconductors composed of group V and III or group II and VI of periodic table are 
called compound semiconductors. 
Semiconductors consisting of Group II and VI elements have a wide energy band gap, 
generally these are known as II-VI semiconductor material. Cadmium sulfide (CdS), 
cadmium selenide (CdSe), zinc telluride (ZnTe), zinc sulfide (ZnS) and cadmium 
telluride (CdTe) are the potential semiconductors for electrical and optical study. CdS has 
hexagonal structure and ZnTe mostly is in cubic structure. II-VI semiconductor materials 
are most commonly used as light emitting diodes, solar cells and detectors etc. Due to the 
tunable energy band gap, high melting point, favorable electrica1 and optical properties, 
these semiconductors are contenders to commonly used semiconductors such as Si and 
Ge. 
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2.5.1 ZnTe thin films 
Zinc telluride is an attractive II-VI semiconductor material for optoelectronics devices 
and solar cells etc. It has a tunable band gap of 2.26 eV at room temperature which 
ensures high transparency in the visible spectral range [44-47]. Owing to this important 
property, p-type ZnTe has been used in CdS/CdTe/ZnTe solar cells [48]. ZnTe thin films 
can be prepared by various methods, most commonly chemical vapor deposition and 
physical vapor deposition techniques. However, deposition under vacuum has many 
advantages over the other techniques, because film properties can be precisely controlled 
[49]. ZnTe thin films can be fabricated by using close spaced sublimation (CSS) 
technique [50], sputtering method [51], electro-deposition process [52], electron beam 
evaporation [53] and pulse laser deposition technique [54]. The CSS has an advantage of 
efficient utilization of material due to small distance between the source and substrate 
[55]. Doping can be done by using thermal evaporation [56] as well as solution based 
methods like ion exchange method. The ion exchange is one of the most convenient 
methods for doping II-VI semiconductor thin films [57, 58]. 
ZnTe is an ideal intermediate layer between the absorbent layer of CdTe and metal back 
contact to improve the performance of heterostructure solar cell. Efficiency of solar cell 
can be enhanced by making low resistive back contact. Stability of the cell over a long 
period is another important factor in polycrystalline thin film solar cells 
(ZnTe/CdTe/CdS/ITO) [59]. The electron affinity is about 4.28 eV for CdTe and for a 
good back contact layer of ZnTe, the required work function should be near 5.78 eV (i.e. 
electron affinity plus energy band gap of CdTe 1.5 eV) therefore heavily doped p-type 
material is required for this purpose [60]. Silver (Ag) and copper (Cu) may be 
incorporated as accepters dopant in II-VI semiconductors to improve their functionality. 
2.5.2 CdS thin films 
CdS is an n-type material with energy band gap of 2.42 eV. Since 1950, out of many 
materials, CdTe has been considered as an extraordinary compound for solar cell 
applications. It can be doped n and p type and has a very suitable energy band gap (1.45 
eV) to convert solar energy [61, 62]. After a few decades of research, it was discovered 
Literature Review 
 
24 
that solar cells become more efficient when CdS thin film is used, increasing their 
performance between 5 % to 8 % [63-66]. In the 1980s, II-VI thin film solar cells were 
fabricated using CSS technique which enhanced their output to 12 % [67]. After that, it 
was realized that by reducing the thickness of the CdS layer, filtration from CdS thin film 
can be prevented. Further research was based on the deposition of CdS/CdTe on a 
conducting glass layer. 
In 1991 Ting L. Chu obtained 15 % efficiency of solar cell. This boosted the commercial 
interest; dozens of new companies were interested in solar cell production. In 2001 
National Renewable Energies Laboratories reported highest obtained efficiency of 
CdS/CdTe solar cells as 16.5 %. After many improvements in the way of commercially 
stable cell preparation, in 2005, a production capacity of 25 MW / year was attained [68]. 
A very thin layer of CdS was evaporated on a glass substrate and on the top of it another 
relatively thicker layer, about 2 µm of CdTe was deposited. Often the cell is treated with 
CdCl2 flux for a short time at about 450
o
C and causesing partial crystallization of the 
semiconductors. Meanwhile copper doping of CdS is also carried out using the same 
procedure. These processes are conducted on a semiautomatic production line. 
Many attempts were made to replace CdS with other compounds in the last 20 years to 
attain better efficiency than CdS. These attempts did not show significant enhancements 
in CdTe based solar cell [69-71]. 
This leads to a question whether CdS is a good partner with CdTe? With increase optical 
transmission by placing a layer of CdS on CdTe. This is mainly due to comparatively 
lower index of refraction of CdS with CdTe. Causing low reflection of light from the 
surface. Thus the output efficiency of the cells is almost doubled as they are illuminated 
to solar light [72-77]. 
This improvement in the conversion efficiency has been known for 30 years; however, 
recent detailed analysis of Cu-doped CdS has helped to explain the cause of improved 
efficiency [78, 79].  
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Attempts were continued to replace CdS with other compound, these were not successful 
and this re-asserts the superiority of CdS in efficient conversion of solar power. Since 
manufacturing processes are quite complicated, it is difficult to think of a reasonable 
computational model which agreeing with experimental observations especially with 
measured current-voltage characteristics. The thickness of the CdS layer can be 
controlled to about 2000 nm [77]. 
From 1950s to 1960s many experiments were performed in order to explain the behavior 
of CdS [80, 81]. It was found that CdS is an n-type semiconductor and becomes more 
photoconductive when doped with Cu. Its electron density reaches 10
18
 cm
-3
 when 
exposed to sun light. The photo conductivity can be quenched quite easily using the low 
energy excitation like infra-red light. It may become important in solar cell by the 
intermediate E-field. 
CdS/CdTe solar cells can be made more efficient if the following properties are taken 
into account. If the grain size is large one, has good quality material for PV cells and 
reduces the resistance to charge motion at grain boundaries. Hence more sulfur is 
diffused at CdTe surface and thereby enhancing the rate of production of the compound 
CdSxTe1-x, which has a wider band gap than CdTe. This improves the absorption 
characteristics.  To have very efficient and long life stable molecules of CdS/CdTe, the 
material used for back contact has great influence and to have the desired effect the way, 
it is deposited. 
By mixing any material with CdTe, will create Schottky barrier as CdTe to electron ratio 
is quite large. So in order to create ohmic contact, a material with activation energy 
greater than 5.7 eV is needed. Till now, the popular and tested elements for the use of 
back contact are Cu/Au [62], Cu/graphite [63], Cu-doped ZnTe with Au or Ni [63, 64], 
and Cu/Mo [65]. Contacts of Cu are more efficient; however diffusion of Cu at joint 
creates shunt affect and the efficiency of the cell decreases. Thus for stability and durable 
solar cells, the use of Cu is mostly avoided [66]. Metals diffuse more rapidly across grain 
boundaries which degrades the cell. In the window layer, no photocurrent is generated 
therefore CdS is a preferred as window layer material with a direct band gap type.  
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The chapter under consideration relates to the fabrication and characterization techniques used during this 
research work 
3.1 Design and assembly of CSS developed at COMSATS, Islamabad 
CSS fabrication unit is assembled and installed at Thin Film Technology (TFT) lab, 
COMSATS I.I.T., Islamabad as shown in Fig. 3.1. The CSS technique is internationally 
recognized but the important aspect is that the whole apparatus was designed locally with 
the help of KRL, Islamabad. The main components and their functions are described 
below; 
 Cylindrical bell jar, 
 Base plate (Flange) 
 Three rod and holder for source and substrate holding 
 Graphite boat and slab 
 Vacuum pumps 
 Vacuum gauges 
 
Heating assembly including halogen lamps, thermocouples and temperature controller, 
Base plate is also known as flange, where the whole deposition assembly is placed on it. 
It is made of stainless steel (SS 304 L), with no magnetic charge, for construction of 
chamber with a diameter of 330 mm. One of the main reasons to use SS 304 L is that it 
does not require post weld annealing due to low carbon. It is called 18-8 related to the 
chromium, nickel contents. Cylindrical bell jar is made of a transparent pirated glass of 
thickness 7 mm used to observe the deposition phenomenon inside the chamber. The 
height of the jar is 360 mm and its internal diameter 290 mm, O-ring is used to contact 
the bell jar and flange, which was made airtight connect and to sustain the vacuum inside 
the chamber. The flange has some feed throughs for vacuum, thermocouple and 
electronic wiring with external setup. 
The source and substrate holders inside the chamber are placed with three vertical rods of 
height 255 mm and diameter of 11 mm fitted on to the flange. Graphite boat is used as a 
source material holder with base thickness of 15 mm, length 60 mm, depth 7.5 mm and 
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width 33 mm. The substrate is covered with graphite slab of dimension 78 mm x 42 mm 
x 5 mm for uniform heating. Mica sheet of thickness 1 mm is used as a thermal insulator 
between source and substrate. The distance between the source and substrate is 5 mm. 
Two halogen lamps of 1000 W and 500 W are placed inside the chamber for direct 
heating of the source and substrate. K-type thermocouples are attached with the source 
graphite boat and substrate slab for measurement of the temperatures. These 
thermocouples are attached with the temperature controllers (SG-632). These controllers 
have algorithm control to adjust the parameters which may enhance the effectiveness of 
the controllers.  
Rotary pump (Edwards) is usually used for creating vacuum upto 10
-3
 mbar and then a 
diffusion pump is attached for higher levels of vacuum (upto 10
-6
 mbar). Pirani gauge is 
connected with rotary pump to check its vacuum level; similarly penning gauge is used to 
measure the vacuum level of a diffusion pump. 
Rotary vane pump has mounted rotor with spring loaded vanes. Vanes slide moves back 
and forth inside the cylindrical container to confine the gas from the chamber to compress 
it and discharge through exhaust valve to the atmosphere. The pumping action is 
achieved as the spring loaded blades follow the walls of container while the rotor 
rotating. Oil is used as a lubricant and as a sealant between the components. 
The pumping rate is controlled by the valve between pump and vacuum chamber, another 
valve called vent valve is used to break the vacuum when required. Vent valve is also 
used as an inlet for inert gas when an ambient gas is required. 
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Figure 3.1  Schematic of CSS technique at CIIT, Islamabad 
The following characterization techniques were used to determine structural, surface 
optical and electrical parameters of the fabricated thin films;  
 X-rays diffraction (XRD)  
 Scanning electron microscopy (SEM) 
 Optical measurements 
 Electrical measurements 
XRD patterns were recorded on a PANanalytical spectrometer model X‟PERT PRO. The 
operating conditions were 40 keV at 30 mA with Cu-Kα line (λ= 1.5406 Å), increment 
0.5
o
 at a scan speed 1 sec/step, X ray incidence angle = 2° and scan range was 20°–80°. 
The surface morphologies of the films were observed by SEM images attached with EDX 
using LSM – 6490 an analytical scanning microscope. The energy variations for SEM 
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were 15 keV to 20 keV with 8 nm resolutions and the applied EDX voltage was 15 kV 
with standard less analysis.  
The optical parameters were recorded using ultraviolet, visible and near infrared (UV-
VIS-NIR) spectrophotometer (Perkin Elmer LAMDA 950) with UV Win lab software. 
The electrical properties were measured using a Hall measurement system (HMS-5000) 
Ecopia, applying nA current with constant magnetic field of 0.5 T at room temperature. 
3.2 X-rays diffraction 
XRD is a non-destructive, most suitable and a precise method to analyze the structure of 
a crystal. The preparation of sample for using this technique is very simple and there is 
no need for special attention [1, 2]. XRD provides structural information regarding 
phases, crystal orientation etc [3, 4]. Using the data attained from the XRD, crystal 
defects, stress, strain and particle size can be calculated [5-15]. The underlying physics 
involved in XRD is the diffraction through crystal lattice. The condition of constructive 
diffraction is „nλ = 2dsinө‟, where „λ‟ the wavelength of light used and „d‟ the obstacle 
width through which light passed. X-rays photon used in XRD is of the order of 100 eV 
to 100 keV and spacing between the atoms of the crystals is comparable with wavelength. 
The X-rays enter in the material and provide information about the structure of the 
material. 
3.2.1 Bragg’s law 
X-rays are incident on the surface of the crystal and they are reflected back. The 
reflection only takes place when angle of incidence is from a certain range of values. The 
wavelength and the lattice constant are dependent on these values. It is also possible to 
examine the selective reflectivity in terms of interference effects. 
If the spacing between the atoms of the crystals is „d‟ and angle of the incident beam is 
ϴ, „λ‟ is the wavelength of X-rays as shown in Fig. 3.2. The condition for constructive 
interference is set with Bragg‟s law 
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Using the information from Bragg‟s law and the data from the XRD machine, 
information on the lattice parameter „a‟, „b‟, „c‟, for (hkl) has been calculated by the 
following expression, Eq. 1 [5]. 
  
  
 
  
  
 
  
  
 
  
  
 
(1) 
Where d is the inter-planar spacing of the atomic plane whose Miller indices are (hkl). 
 
 
Figure 3.2  Diffraction pattern of X-rays from the lattice planes of crystal 
Scherrer‟s formula as mentioned in Eq. 2 is used to calculate the average crystallite size 
(D). 
 
  
   
       
 
(2) 
Where k = 0.9 constant of machine, λ is X-ray wavelength (1.5406 Ǻ), where full width 
half maximum is denoted by β and measured in radians also ϴ is Bragg angle 
respectively as shown in Fig. 3.3. The dislocation density (ρ), which represents the 
amount of defects in the crystal, is estimated from the following Eq. 3 [5] 
 
  
 
  
 
(3) 
Strain (ε) of the thin film is determined from Eq. 4 [5]:  
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(4) 
 
Figure 3.3 Use of diffraction curve to determine the crystallite size 
The lattice constant (a), average crystallite size (D), dislocation density (ρ), strain (ε) are 
calculated. The measurements are taken at room temperature. The factors including „λ‟ 
(1.5406 Ǻ), „β‟ (FWHM) and ϴ (radians) have very small machine error so results have 
not much effected. 
3.3 Surface morphological study 
Surface study of thin films at micro to nano level is an important aspect. The surface 
study directly correlates with the optical and electrical properties of thin films. 
Morphology of the film surface provides important and useful information of the size, 
shape and the particle arrangement. The morphological aspects are characterized by 
SEM. The basic information about shape, size of particle and surface features are 
obtained by use of SEM. The element and compound made up of their relative ratios in 
area  1 micrometer diameter. The resolution of SEM is around 8 nm. The schematic of 
SEM is shown in Fig. 3.4. The beam of electrons is generated under vacuum in a 
scanning electron microscope. A collimated beam is produced by the condenser lenses 
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and is focused by the objective lens onto the sample surface. Secondary electrons, 
released by the sample are collected by primary images. A scintillation material is used to 
detect secondary electrons which are produced as a flash of light. A photomultiplier tube 
detects the amplified flashed light, an image is formed which can be observed through an 
optical microscope. 
 
Figure 3.4 Schematic of a scanning electron microscope 
Energetic electrons used for backscatter images that penetrate about 180 degrees from the 
direction of illuminating beam. The composition information can be found by the 
backscatter electrons, which are function of atomic number of each point on the sample.  
X-rays analyzer is attached with scanning electron microscope; the sample interaction 
with the beam of energetic electron produces X-rays which are characteristic X-rays of 
the elements in the samples [16]. Detectors are of two types, wave dispersive X-rays and 
energy dispersive X-rays (EDX). 
3.3.1 Energy dispersive X-rays spectroscopy 
The interaction of primary electrons with the generated X-rays also detected in scanning 
electron microscope equipped for EDX. It is used for the identification of composition of 
elements. It is an integrated function of SEM [17]. An electron beam is bombarded on 
sample for compositional study in SEM. Some of the electrons are knocked out when 
they collide with bombarded electrons. The energetic electrons from loosely bound shells 
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occupy the vacancy of ejected electron from inner shell. The outer electron emits X-rays. 
Every element emits a unique energy in the form of X-rays during this process. Finally 
the X-ray energy identifies the atoms in samples. The EDX spectra is the output in EX 
study, it gives information about the energy level received by X-rays. The corresponding 
peaks in EDX spectrum normally indicate the most received X-rays. Every peak 
corresponds to an element and peak intensity represents the concentration of elements in 
the sample. 
3.4 Optical measurements 
Transmission, reflectance, refractive index and absorption coefficient are known as 
optical properties. The properties are measured using absorption spectrometry. It is 
simple and determined optical parameters using only the transmission spectrum. 
Swanepoel model is usually used to calculate the optical parameters, which is the 
modified form of model given by Manifacier et. al. [18]. Manifacier et. al. used the 
infinite substrate approximation, which gives more than 10% error in the calculated 
absorption coefficient. Many interesting optical phenomenon are studied using absorption 
or transmission spectroscopy of the thin films. If the maximum of valence band and the 
minimum of conduction band lie at the same k-value; electrons migrate between the 
bands without any change in the momentum; this is known as a direct band gap transition 
type. Most of the II-VI semiconductors are direct band gap materials. In the optical 
properties, transmission can be obtained directly from the films as shown in Fig. 3.5. 
Perkin Elmer Lamda 950 spectrophotometer is used to record the transmission or 
absorption data using UV-Win Lab software, the schematic diagram is shown in Fig. 3.6. 
The graph between % T verses wavelength is plotted. The oscillations show the 
constructive and destructive interference phenomenon in thin films. The optical 
parameters like refractive index, absorption coefficient, optical thickness and energy band 
gap etc can be calculated using transmission data. The transmission T = T (λ, n, s, α and 
d) for complex function. Here if the value of s (refractive index of glass) is known, than T 
= T (n, x).  These parameters were calculated using transmittance data and fitting the 
transmittance curve using a well-known Eq.5 [18]  
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Where „T‟ is the transmittance of the thin film on a transparent substrate placed in air, the 
refractive index of air is taken as one. The other parameters are defined as A = 16n
2
s, B = 
(n+1)
3
(n+s
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), C = 2(n
2
-1)(n
2
-s
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3
(n-s
2
),  /4 nd , x = exp(-αd),
 4/k Where „n‟ and„s‟ are the refractive indices of the film and glass substrate 
respectively. The estimated value „n‟ and„s‟ can be calculated directly from the optical 
data attained by spectrophotometer. i.e.  
    
[  (       )
 
 ]
 
 
and  
                (
     
    
) 
„α‟ is the absorption coefficient of the film, „λ‟ the wavelength and „d‟ is the thickness of 
the thin film. Refractive index is calculated using n = a + b/λ2.where „b‟ and „a‟ are 
constants. Absorption of light in the transparent region could be due to the Urbach tail, 
multi-phonon absorption, defect absorption or light scattering [19-30].  
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Figure 3.5 Transmission spectrum as a function of wavelength to measure the 
thickness and refractive index 
Absorption process dependent upon the wavelength is complicated, so Taylor series is 
used. If the absorption is small around phonon energy (which is far from any absorption 
lines) „α‟ could be expressed using the relation α = c + f/λ + g/λ2 +…, here, „f ‟and „g‟ are 
the constants for refractive index involved.  
For the calculation of „α‟ in the high absorption region, „n‟ and„d‟ are used in the curve 
fitting. In the medium to high absorption regions, the exact solution for „x‟ of equation 5 
gives the value for   at every wavelength. 
 / / 2 1/ 2( / ) [( / ) 4 ]
2
C A T C A T B D
x
D
   
  
(6) 
Where  
 cos/ CC 
 
 
and  
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 dx /)ln(
 
 
The calculation for energy band gap was done by using the Tauc relation, Eq. 7 [20]. 
 n
gEhAh )(    (7) 
Where „hυ‟ is the photon energy and „n‟ is related to the transition type, i.e., for direct 
allowed transition type it is equal to 
 
 
 ; and for indirect allowed transition, it is taken as 2 
and for direct forbidden its value 
 
 
 . „α‟ is absorption coefficient its value was calculated 
by the famous relation, 
 
    (
 
 
)  (
 
 
) 
 
where „d‟ was thickness and „T‟ the transmission of the sample. [31]. Thickness (d) was 
calculated by using Eq. 8 
 
)(4 minmax
minmax




n
d  
(8) 
Here „n‟ is refractive index, λmin is minimum wavelength and λmax is consecutive 
maximum wavelength.  
Figure 3.6 Schematic of spectrophotometer for transmittance 
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3.5 Electrical measurements 
The electrical properties of semiconductors are of great importance due to the correlation 
with the optical and surface properties. Resistivity, mobility, carrier concentration and the 
type of semiconductor are the major concerns in electrical measurements. Generally two 
types are considered for electrical measurements; two point and four point probes. Four 
point probe method at room temperature was used in Hall effect measurements. 
3.5.1 Hall effect 
Edwin H. Hall discovered the Hall effect in 1879 for finding the carrier concentration, 
mobility and resistivity. Magneto-sheet resistance and Hall coefficient for 
semiconductors can also be calculated.  An electric current and a perpendicular magnetic 
field are applied through a semiconductor specimen as shown in Fig. 3.7. A Hall voltage 
is generated due to the setup of this field, which is perpendicular to the flowing current. 
The resistivity of arbitrary shaped specimen with ohmic contact can be measured using 
Van der Pauw technique. Sheet resistance „Rs‟ can also be calculated using this technique 
[32]. 
 
Figure 3.7 Schematic of Hall effect 
There are two characteristic resistances RA and RB associated with four point probe 
terminals as shown in Fig. 3.8. (The positive magnetic field is applied in the first step, 
current applied between terminal 1 & 3 and measured the voltage dropped i.e. V24. Now 
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reverse the direction of current and measure the V42. By applying the current between the 
terminals of 2 & 4, the voltage drop V13 is measured. The voltage dropped V31 is 
measured by reversing the current on the terminals. In next step, the values of V13, V24, 
V42 and V31 is measured by reversing the direction of magnetic field. So with the help of 
these eight values of voltages, resistances are calculated.) 
 
12
43
I
V
RA   
 
and  
 
23
14
I
V
RB   
 
For RA the voltage across terminal 4 and 3 is V43 and current I12 is across terminal 1 and 2. 
Similarly voltage across terminal 1 and 4 is denoted by V14 with current through terminal 
2 and 3 is I23. The sheet resistance of Van der Pauw can be related using; 
 
Figure 3.8. Contact formation on thin film 
 
1)exp()exp( 
S
B
S
A
R
R
R
R
  
(9) 
Eq. 9 can be solved numerically for RS. The equation for the calculation of resistivity; 
where „t‟ is the thickness of the film. 
 tRS  (10) 
The resistivity of an arbitrary shaped sample can be calculated using: 
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ρA = 
 
   
 fA tS 
(           )
  
 and ρB = 
 
   
 fB tS 
(           )
  
 , here ρA and ρB are the 
resistivites measured in Ω-cm, the average of these value leads to ρave.  „V1‟ to „V8‟ are 
potential differences in volts and „I‟ is the measured current in amperes. fA and fB are 
geometric factors depend upon the shape of the sample. For symmetric sample, fA and fB 
have unit value otherwise fA and fB are calculated by QA = 
     
     
 and QB = 
     
     
 , the 
relation between Q and f is given by the expression 
   
   
 = 
 
   ( )
 cos-1h(
       ( )  
 
).   
A set of voltage is measured against Hall voltage measurements by taking current and 
perpendicular B-field. The value of sheet carrier concentration can be calculated using 
the relation; 
 
H
S
Vq
IB
n   
(11) 
In above expression „q‟ is charge and „I‟ is the amount of current flowing through the 
sample. The thickness and uniform specimen is important to overcome errors, size and 
quality of ohmic contacts. 
The basic physics involved in the Hall measurements are the equilibrium between 
magnetic and electric force; i.e. Fm = Fe.  
So          
Where „vd‟ is the drift velocity, the current is also expressed in terms of vd; i.e. I = nqAvd. 
In this expression A is the area, n is density of charges. Now the expression of Fm = Fe 
can be written as: 
    
    
  
   
 
 
(12) 
Here „VH‟ is Hall voltage and „w‟ is width.  
Now 
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finally 
     
  
   
 
 
The information about type of conductivity (n-type or p-type) can be attained from the 
Hall voltage „VH‟. If „VH‟ has positive value it confirms p-type conductivity and vice 
versa. 
Resistance „R‟ can be calculated using the relation 
 
   
 
 
  
 
  
  
 
In this expression „ρ‟ is resistivity, „A‟ is area, „L‟ is length, „ ‟ is width and „t‟ is 
thickness of the film. 
Electrons and holes mobility „µ‟ can be calculated using the Eq. 13 [33]: 
 
   
    
   
    
 
   
 
(13) 
Parameters involved in above expression have the usual meanings.  
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The chapter describes the fabrication of ZnTe thin films and the optimization of deposition parameters. The 
work has been published in international journal of Chalcogenide letters with the title: 
 “INVESTIGATION OF SUBSTRATE TEMPERATURE EFFECTS ON PHYSICAL PROPERTIES OF 
ZnTe THIN FILMS BY CLOSE SPACED SUBLIMATION TECHNIQUE” 
4.1 Samples preparation 
ZnTe fine powder of 99.99 % purity was used as the base material for deposition of ZnTe 
thin films on soda lime glass substrates (2.5 cm x 5 cm). Before the deposition, the 
substrate slides were cleaned with iso-propanol (I.P.A) in an ultra-sonic bath (60°C bath 
temperature and sonication for 20 minutes) and dried in air. A small amount (20 mg) of 
ZnTe fine powder was placed in a graphite boat and was heated by 1000 W halogen 
lamp. The substrate and source heaters were linked through separate triacs to the main 
supply and gate triacs linked directly to the temperature controllers. In both, graphite 
substrate slab and source graphite boat, K-type thermocouples were inserted. The 
distance between the source and the substrate was optimized and kept at 5 mm for good 
quality films. The chamber was evacuated with the help of rotary and diffusion pumps to 
∼1 x 10−4 mbar prior to deposition. The substrate slides were placed at three different 
optimized temperatures 300˚C, 330˚C and 360˚C in three separate sets of experiments. 
The source temperature was kept at 450˚C and deposition was carried out for three 
minutes each. After depositing the films, the source heater was switched off; while the 
substrate heater was kept on to avoid further deposition. In order to avoid oxidation, films 
were cooled to room temperature in vacuum. As-deposited ZnTe thin films showed good 
adhesion and uniformity. 
4.2 Results and discussion 
4.2.1 Structural study 
XRD patterns of ZnTe thin films fabricated at three substrate temperature (300, 330 & 
360ºC) are shown in Fig. 4.1. All ZnTe thin films had cubic structure, polycrystalline 
nature with preferred orientation in [111] direction.  
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The lattice parameter calculated from these scans is 6.0980 Å, as compared with the 
International Card of Diffraction Data (ICDD) reference card No. 01-089-3054. The 
average crystallite size of thin films, calculated by using Scherrer‟s formula is shown in 
Table 4.1 (Eqn. 2, 3 and 4 in Ch. 3) [1-15]. The deposited thin films compositions depend 
on the number of Zn and Te atoms reaching the surface and diffusing on the substrate. 
The film‟s crystallinity improves with the increase in substrate temperature as reported 
earlier [16]. At low temperatures the available thermal energy is much less than the 
required for the inter-diffusion of atoms which also results in a slow reaction between Zn 
and Te. In this case, the temperature gradient between the substrate and source results in 
the quenching of the atoms on the substrate with a reduced diffusion length and also 
mobility of adatoms [16-18]: As the substrate temperature increases, there is sufficient 
thermal energy available for arriving atoms resulting in increase in the reaction between 
Zn and Te. This, in effect becomes the recipe to achieve good quality film. 
 
Figure 4.1 XRD patterns of ZnTe films deposited at different substrate temperatures 
The vertical composition of the deposited film evolves with time – that is, at early stages 
of deposition, the material having high partial pressure (Te in this case) will be in excess. 
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This results in rapid consumption of Te. As the time passes by, the amount of Te will 
become considerably lesser than Zn. At this stage, Zn partial pressure will supersede the 
Te vapor pressure, resulting in increasing concentration of Zn which moves towards the 
surface. Although, the above discussion is generic and applicable to other deposition 
techniques as well, such as sputtering and e-beam evaporation, I notice interesting effects 
of increasing substrate temperature. In other words, in parallel to the universal 
phenomenon discussed above, the substrate temperature also dictates the overall 
stoichiometry. At low substrate temperature, the vapor pressure of Te is higher than that 
of Zn. Due to this, Te remains in excess in these films. Typically, at low vacuum (10
-2
 
bar), the surface evaporation rate for Zn is between 10
-2
 to 10
-3
 g-cm
-2
 sec
-1
 at T < 500
  
C, 
whereas, that for Te is less than Zn at this temperature. High vapor pressure material 
vaporizes more rapidly than low vapor pressure material [17]. Also, a smaller 
atom/molecule will be more mobile at any substrate temperature. Regardless of the 
quantity of Zn atoms in the film, more mobile Te atoms have the larger probability of 
finding Zn atoms and bond there – that is, at higher substrate temperature the effect will 
be more pronounced, resulting in better crystallinity. Notice that, the distance between 
source and the substrate was kept 5 mm in our technique. Therefore, vapor pressures (and 
flux) of Zn and Te are very high due to close proximity. In contrast, other techniques that 
incorporate comparatively larger source-to-substrate distance (sputtering and e-beam 
evaporation), such high vapor pressure is not possible. Consequently, the flux of 
evaporated species is not very high. Here, by increasing the substrate temperature, the 
stoichiometry is improved by increasing the Zn-Te reaction. Thereby, their inter-sticking 
is enhanced.  
Crystallite size in ZnTe thin films increases from ~ 37 to 63 nm because of increase in 
the diffusion length and mobility of the arriving species at higher temperature: an 
elevated temperature increases the surface diffusion and gives a larger relaxing time to 
the mobile atoms before they settle at a crystal site. Small crystallites merge and 
rearrange to form a larger crystallite at high temperature [17]. By the same token, the 
dislocation density decreased from ~ 7.24 x 10
-4
 to 2.49 x 10
-4
 nm
-2
, and strain is reduced 
from 9.32 x 10
-4 
to 5.47 x 10
-4
, Table 4.1.  
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As a final note to this section, in CSS technique, a high vapor pressure at an elevated 
substrate temperature dictates the adatoms to move to the lattice sites energetically more 
favorable, results in larger crystallite size and reduces imperfections in as-deposited ZnTe 
thin films.  
Table 4.1 Structural parameters of ZnTe thin films deposited at different substrate 
temperatures (300, 330 & 360ºC) 
Substrate 
temperature (˚C) 
Crystallite Size 
„D‟(nm) 
Dislocation Density 
(x10
-04
 nm
-2
) ± 0.01
 
Strain 
(x10
-04
) ± 0.01
 
300 37 7.24 9.32 
330 44 5.12 7.84 
360 63 2.49 5.47 
4.2.2 Optical study 
Transmission spectra for ZnTe thin films deposited at different substrate temperatures are 
recorded at room temperature as shown Fig. 4.2 for the percentage transmission plotted 
against the incident wavelength.  
 
Figure 4.2 Transmission spectra of ZnTe films deposited at different substrate 
temperatures as a function of wavelength 
Fabrication of ZnTe Thin Films 
 
56 
The oscillations show the constructive and destructive interference phenomenon in thin 
films. Almost similar behavior was observed in all sets of as deposited ZnTe thin films 
with a small change in peak position towards lower wavelengths. A sharp decrease in 
oscillations occurred below 500 nm wavelength was due to absorption edge. The 
absorption edge reflects the crystalline or amorphous nature of thin films in transmission 
spectra [19]. The transmission in visible region was between 60 to 80 % and more than 
90 % in infra-red (IR) region. The variations in transmission caused by higher substrate 
temperature may be due to enhanced structural order, removal of defects, residual stresses 
and improved stoichiometry formed during the deposition of thin films.  
The absorption co-efficient „α‟ is related to the optical energy band gap (Eg) by the 
relation [19, 20], 
        (     )
  (1) 
In Eq. 1, „n‟ tells about the transition type; for direct allowed transition type its value is 
½, for indirect transition, the allowed value of n is 2 and for direct forbidden transition, 
its value is 3/2.  For allowed optical transition type is direct for ZnTe films,   
 
               (
  
  
)
 
 
  
 
where, mo is free electron mass and n is refractive index, ν is frequency of the radiation 
and h is Plank‟s constant [21, 22]. 
The transmission spectra with variation in angle (zero to 50 degrees) of incident light on 
the samples are shown in Fig. 4.3. A slight increase in the transmission of light through 
the samples at higher angles in IR region was observed. The oscillations moved slightly 
through lower wavelengths as angle of incident light is increased. The samples are more 
transparent at higher angles in IR region. The variations in transmission might be due to 
trapping of light through the ZnTe thin films which affects the optical properties of ZnTe 
thin films. 
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Figure 4.3 Transmission spectra of ZnTe films as a function of wavelength with 
angle variation (a) 300ºC and (b) 330ºC 
Fig. 4.4 shows a graph between ( hν)2 as a function of incident photon energy (hν). The 
energy band gap was determined by extrapolating linear part of the curves (Fig. 4.4). As 
the substrate temperature increased, optical band gap increased from 2.173 ± 0.001 eV to 
2.233 ± 0.001 eV. The variation in energy band gap of different substrate temperatures 
were due to band tailing caused by disorderedness [23]. The optical scattering reduced as 
the structure improved at higher substrate temperature. At lower substrate temperature, 
the variation in the band gap was due to quantum confinement of charge carriers in 
crystallites. The narrow band gap was due to reduction in the defects in the films. At 
higher substrate temperature, the films were homogeneous with fewer defects. The band 
gap was reduced as the decrease in localized density states occurred in the band structure. 
The effect of band gap is also related to the crystallite size. The crystallite size with 
packing density was improved.  The defects, lattice strain and decreased structural 
disorder results in optical study strongly correlated with structural study [16, 22]. 
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Figure 4.4 Optical band gap of ZnTe films deposited at (a) 300ºC, (b) 330ºC and (c) 
360ºC 
A slight decrease in refractive index of the films observed because the films were more 
homogeneous and uniform at higher substrate temperatures as discussed in XRD study. 
The enhancement in crystallanity of the films at elevated substrate temperature 
consequently shifted the optical band gap as shown in Table 4.2. The thicknesses of the 
films were 500 to 1000 nm. The films which were deposited at relatively higher 
temperature of substrate are almost stoichiometric due to high vapor pressure of Zn and 
Te during the sublimation process so their band gap was nearly equal to that of bulk 
material. 
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Table 4.2: Energy band gap and refractive index of the ZnTe thin films deposited at 
different substrate temperatures (300, 330 & 360ºC) 
Substrate temperature (˚C) 
Band Gap 
± 0.001 (eV) 
Refractive Index 
± 0.001 
300 2.227 2.572 
330 2.236 2.535 
360 2.173 2.504 
Optical density (O.D) is the measure of transmittance of an optical medium for a given 
wavelength [17]. Optical density was calculated by Eq. 2. 
 
          
 
 
 
(2) 
Here „T‟ is the transmittance. Higher the optical density, lower the transmittance. At 
lower substrate temperature, the transmission of light through ZnTe thin films was 
decreased as compared to higher substrate temperature which may increase O.D of these 
thin films. At higher value of substrate temperature, the transmission was high so O.D 
was decreased in these films. The transmission is correlated to the refractive index of thin 
films which results at higher value of refractive index means higher O.D as shown in Fig. 
4.5 (a). 
Optical conductivity of ZnTe films can be calculated using Eq. 3. 
     
     
  
 
(3) 
Where α is the absorption co-efficient, n is refractive index and c is the speed of light. At 
higher substrate temperature, ZnTe thin films were more homogeneous and showed 
enhanced optical conductivity Fig. 4.5 (b) [17]. The optical scattering reduced as the 
structure improved at higher substrate temperature. At lower substrate temperature, the 
variation in the band gap was due to quantum confinement of charge carriers in 
crystallites. 
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Figure 4.5 (a) Optical density and (b) optical conductivity of ZnTe films deposited at 
three substrate temperatures (300, 330 & 360ºC) 
On the concluding note, the narrow band gap was due to reduction in the defects in the 
films. At higher substrate temperature the films were homogeneous with fewer defects. 
The band gap was reduced as the decrease in localized density states occurred in the band 
structure and transmission is enhanced. The effects of band gap also related to crystallite 
size. The crystallite size with packing density was improved.  The defects, lattice strain 
and structural disorder decreased results in optical study strongly correlated with 
structural study [16-22]. 
4.2.3 Electrical study 
Four probe technique was used to measure the electrical properties of ZnTe thin films 
fabricated by CSS technique. As-deposited ZnTe thin films are of p-type confirmed by 
Hall measurements. Similar results were reported earlier [22-24]. Resistivity, mobility 
and carrier concentrations of the films are given in Table 4.3. At higher substrate 
temperature, a slight decrease in resistivity of as-deposited ZnTe thin films was observed 
due to decrease in the defect states. The lowest value of resistivity ~ 1.58 x 10
5
 Ω-cm was 
achieved. ZnTe thin films were grown at lower substrate temperature had large number of 
defects due to greater disorder in structure [25, 26]. The lowest value of resistivity using 
other techniques were 5.5 x 10
6
 [26] and 2.5 x 10
7
 Ω-cm [9] which is much higher than the 
Fabrication of ZnTe Thin Films 
 
61 
CSS technique. The carrier concentration had values of 1.44x1011 cm-3 was achieved with 
CSS technique. The values are more favorable for back contact solar cell as compared to 
other techniques [9, 26].   
Table 4.3 Carrier concentrations and resistivity of ZnTe thin films deposited at 
different substrate temperatures 
Substrate 
temperature (˚C) 
Carrier concentration 
(cm
-3
) 
Resistivity 
(Ω-cm) 
300 4.01x109 2.3x105 
330 3.11x1010 1.72x105 
360 1.44x1011 1.58x105 
4.3 Summary 
Good quality ZnTe thin films were deposited on soda lime glass substrates by close 
spaced sublimation (CSS) technique due to efficient use of materials and high 
throughput. The high vapor pressure of source material in CSS technique made it 
significant compared to other techniques. Temperature of the substrate was the main tool 
to couture the structural, optical and electrical properties of the deposited films. The films 
exhibited a cubic structure and were polycrystalline. The crystallite size increased with 
increase in the substrate temperature. The transmission value was more than 70 % in 
visible region and 90 % in IR region. The transmission was found to be strongly affected 
by the substrate temperature due to tellurium micro crystallites presence in the films and 
having greater absorbance in the visible domain. These effects consequently lead to 
increase in the optical energy band gap width with increasing temperature of the 
substrate. The energy band gap study showed that the optical data was allowed direct 
transition type. The energy band gap increases from 2.17 eV to 2.23 eV by increasing the 
temperature of the substrate. Larger crystallite sizes were noticed in the thin films 
deposited at higher substrate temperatures and nearly had homogeneous composition. 
The lowest value of resistivity was about 105 Ω-cm. Optical and electrical properties of 
films were found to be favorable by the improvements in substrate temperature. Thus 
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homogeneous composition and good crystallanity were achieved by using CSS technique 
for ZnTe thin films by increasing the temperature of substrate in a suitable manner, which 
are the basic requirement for the device and quality of the ZnTe thin films.  
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This chapter discusses the effect of silver doping on structural, surface, optical and electrical properties of 
ZnTe thin films grown by close spaced sublimation (CSS) technique. Some of these results have been 
published in Journal of Thin Solid Films entitled as: “Physical properties of sublimated zinc telluride thin 
films for solar cell applications”. 
Zinc telluride (ZnTe) thin films have been fabricated using PVD and CVD techniques for 
solar cell applications due to its tunable optical and electrical properties [1-12]. The 
resistivity of as deposited ZnTe thin films is very high. However, the process of doping 
can reduce their resistivity. Doping can be achieved via thermal evaporation [13], as well 
as solution based methods, like ion exchange method in II-VI semiconductor thin films. 
The ion exchange process is recently utilized – one of the most convenient and cost 
effective methods for doping in the II-VI semiconductor thin films [14, 15].   
In solar cell applications, low resistive p-type ZnTe is required as an interfacial or buffer 
layer between the CdTe layer and the back metal contact for cadmium telluride (CdTe) 
solar cells. ZnTe has small valence offset (E < 1 eV for a ZnTe/CdTe heterojunction) 
and thus considered as an ideal intermediate layer between the CdTe based absorber and 
metallic back contact in order to improve the performance of cell [1, 2]. Due to self-
compensating effect, conduction type is p-type in nature in ZnTe thin films: doped 
monovalent atoms substitute the Zn ion and create one hole per substitution, which is 
required for shallow acceptor level. Silver (Ag) (group-I element) may be incorporated as 
an acceptor dopant in the II-VI semiconductors [16], because it gives rise to the hole 
concentration and influences the electrical conductivity as well as optical properties of 
materials of interest. Furthermore, the optical properties can also be tuned via copper 
doping into II-VI semiconductors thin films, as reported earlier [17]. The purpose of this 
study is to tailor the material with doping and to get the low resistive ZnTe thin films for 
the use of interfacial layer between absorbent CdTe and metal back contact in solar cells. 
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5.1 Silver doping procedure 
The as-deposited ZnTe thin films were cut into small pieces and were immersed in low 
concentrated AgNO3 solution for different times (5, 10, 20, 25 and 30 minutes) made 
from 1 gram of AgNO3 in 1 litter of distilled water at room temperature. In AgNO3 
solution due to ion exchange process, Ag diffusion could be possible in ZnTe thin films. 
Substitution of Zn
2+
 with Ag
1+ 
may be possible due to following reaction. 
      (      )             (  ) 
It may be possible that Ag incorporation acts as interstitial or as formation of Ag2Te in 
ZnTe thin films [7, 17]. Afterwards, the Ag-doped thin films were cleaned with IPA and 
dried. Ag layer was formed on the ZnTe thin films surface due to the ion exchange 
method. These films were annealed at 380 
0
C for one hour under vacuum of 10
-2
 mbar to 
diffuse Ag into the films. Different AgNO3 immersion times lead to different composition 
of Ag in ZnTe thin films. The doped and un-doped thin film samples were characterized 
for their structure, surface morphology along with composition, electrical and optical 
properties. The comparison was  made in order to understand the effects of such doping 
with the earlier reported results. 
5.2 Results and discussion 
5.2.1 Structural study 
The as-deposited ZnTe thin films and annealed Ag-doped ZnTe samples exhibited 
polycrystalline structure as shown in XRD patterns of Fig. 5.1. The crystal structure was 
found to be cubic with preferred growth orientation along [111]. Crystallite size was 
determined using Scherrer‟s formula and micro strain and dislocation density was also 
determined [18, 19]. Reflections peaks (111), (220) and (311) obtained from the XRD 
pattern for as-deposited ZnTe thin film was confirmed by using ICDD card number 01-
089-3054. Furthermore, the reflection peaks of Ag-doped ZnTe sample was confirmed by 
using ICDD card number 00-004-0783. In Ag-doped ZnTe thin film samples, Ag diffused 
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interstitially or substituted Zn
+2
, which was evidenced by the absence of AgTe compound 
peak. The slight shifting of peaks towards large 2θ values in the XRD patterns could be 
evidence of the increase in volume of unit cells. The crystallite size of as-deposited 
samples was 23 to 27 nm which increased up to 48 nm after doping as shown in Fig. 1 (a) 
& (b) respectively, but preferred orientation was still [111]. The crystallite size of Ag 
varied from 17 nm to 28 nm. The decreasing trend in lattice constant of doped samples 
(05 min, 15 min and 30 min) might be due to the substitution of Zn
+2
 (Zn
+2
 ionic radius 
0.074 nm) with Ag
+1 
as Ag has smaller ionic radius of 0.0126 nm. In other samples (10 
min, 20 min and 25 min) the d-spacing increased gradually which could be due to 
interstitial placement of Ag into ZnTe structure [18].  The difference in intensity levels of 
as-deposited and Ag-doped samples is shown in Fig. 5.1. A decreasing trend in strain and 
change in crystallinity of the films after Ag immersion was also observed.  
 
Figure 5.1 X-ray diffraction patterns of (a) as-deposited (b) Ag-doped ZnTe sample 
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5.2.2 Surface morphological study 
SEM micrographs of annealed Ag-doped ZnTe thin film samples 05, 10, 20 and 30 min 
are shown in Fig. 5.2. The SEM images clearly show different surface morphologies as 
the number of grains decreases with an increase in the doping time. Average lengths of 
elongated Ag grains were found to be 280 ± 20 nm. The Ag-doped ZnTe samples showed 
that for increased immersion time, a decrease in the length of Ag grains occurred. It is an 
advantage of the ions exchange process that after annealing the AgNO3 layer diffused 
into ZnTe thin films. Furthermore, the shape of grains also changed significantly by 
increasing immersion time because more ions were exchanged and also Ag composition 
increased with time. The average grain size of as-deposited ZnTe thin film was found to 
be 350 nm. After annealing, the Ag-doped ZnTe samples showed larger grain sizes as 
more and more Ag is diffused in ZnTe thin films with increasing immersion time. The 
Ag-doped samples have larger grain size due to stress produced in the layer of the thin 
films for different times. By gradually increasing the doping time, the grain size of the 
Ag-doped ZnTe samples increased from 400 nm to 710 nm. The generation of larger 
grains was due to the coalescence of Ag grains into ZnTe grains as depicted by Fig. 5.2. 
This is also supported by the XRD results. In SEM images, it can be seen that the 
numbers of Ag grains reduced as shown in Fig. 5.3 (a) and size of Ag-doped ZnTe 
samples increased. It was assumed that Ag has diffused in the films during the annealing 
process and findings from the EDX measurements confirm the claim, where the 
composition of Ag up to 6 atomic % increased, respectively. The EDX results shown in 
Fig. 5.3 (b) confirmed the Ag contents increased with immersion time. It appears that 
annealing in the presence of Ag facilitates the grain growth in ZnTe thin films in such a 
manner that some small grains coalesce together and reorient themselves. The re-
orientation of the grain‟s growth in metal doped II-VI semiconductor compounds has 
been reported earlier [20, 21] which is in good agreement with XRD study. The 
composition of Ag in the doped ZnTe sample was about 6 atomic % attained after 30 
minutes of immersion in (0.1/100 ml) AgNO3 solution at room temperature as shown in 
Fig. 5.3 (b). The results obtained with similar ZnTe samples fabricated by using two 
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source evaporation technique was 4 atomic % even in higher concentrated (0.4/100 ml) 
AgNO3 solution [22]. The compositional study shows that by increasing the Ag 
composition relatively, the Zn composition decreased from 53 to 49 atomic %. The ion 
exchange process involves both Ag as well as Zn ions. Therefore, a decrease in the 
composition of one element coincides with increase of the other as shown in Fig. 5.3. 
 
Figure 5.2 SEM images of Ag-doped ZnTe samples 
 
Figure 5.3 (a) No. of grains of ZnTe and Ag vs. immersion time (b) atomic % of Ag 
vs. immersion time 
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5.2.3 Electrical study 
The electrical properties including resistivity, mobility, carrier concentrations of as-
deposited and Ag-doped ZnTe thin films samples at room temperature was measured by 
the Hall measurement‟s system.  
The resistivity was calculated using the relation,  
 
   
 
 
  
 
  
  
 
In this expression „ρ‟ is resistivity, „A‟ is area, „L‟ is length, „ ‟ is width and „t‟ is 
thickness and R is resistance of the film. 
The mobility of electron and holes was calculated by the expression  
 
   
    
   
    
 
   
 
(13) 
Where VH is the Hall voltage used to find the type of conductivity, q is charge and R is 
resistance of the films (as discussed in Ch. 3),  
These results are shown in Fig. 5.4. The resistivity of as-deposited ZnTe thin film was 
10
5Ω-cm and decreased to 103 Ω-cm after 30 minutes Ag doping. The mobility of the as-
deposited ZnTe thin film was found to be 10
1
 cm
2
/Vs and increased to 10
2
 cm
2
/Vs after 
30 minutes of Ag doping due to excess charge carrier provided by Ag atoms. The carrier 
concentration increased with the increase in Ag compositions in ZnTe thin films.  
The decrease in resistivity arises due to an increase in Ag composition which increases 
charge carrier concentration in the Ag-doped ZnTe samples. The electrical resistivity of 
as-deposited ZnTe thin films by two source evaporation technique reported earlier [23], 
was in the range of 10
7 
to 10
9 Ω-cm, which is 10 to 103 times greater than the thin films 
deposited by the CSS technique in this experiment.  
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Figure 5.4 (a) Atomic % of Ag vs. resistivity, (b) atomic % of Ag vs. carriers 
concentration 
5.2.4 Optical study 
The optical parameters like energy band gap and refractive index were determined by 
applying the Swanepoel model [24] from the transmission spectra. The oscillations were 
due to constructive and destructive interference phenomenon in thin film. The 
transmission of as-deposited ZnTe thin film was more than 85 % as shown in Fig.5.5. 
The transmission spectra of as-deposited ZnTe thin film, Ag-doped ZnTe samples before 
and after annealing are shown in Fig. 5.6. The transmission increases with annealing as 
evident from Fig. 5.6. 
The dependence of energy band gap on immersion time is shown in Fig. 5.7. The energy 
band gap decreases in Ag-doped ZnTe samples which is due to change in the grain size 
[25]. The energy band gap for as-deposited thin film was found to be 2.22 eV, where the 
thickness of the same thin film was 2399 nm. Similar results on the energy band gap have 
been observed for ZnTe thin films by using r. f. sputtering deposition technique [25]. For 
Ag-doped ZnTe samples, the energy band gap decreased up to 2.09 eV as shown in Fig. 
5.7, while Aqili et al [7] have reported 2.16 eV for Ag-doped ZnTe samples fabricated by 
CSS technique. The energy band gap has reduced in these experiments as compared to 
previous reports. 
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Figure 5.5 Transmission spectra as a function of wavelength of as-deposited and Ag-
doped ZnTe samples 
 
Figure 5.6 Transmission spectra as a function of wavelength of as-deposited, 
immersed before annealing and after annealing ZnTe samples 
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Figure 5.7 (a) Energy band gap of as-deposited ZnTe thin film and (b) 30 min Ag-
doped ZnTe sample  
In order to study the angle resolved transmission, the transmission spectra of the as-
deposited ZnTe thin film was also taken at different angles ranging from 10 to 50 
degrees. The angle resolved spectra showed an interesting behavior, which has not been 
reported earlier. As the angle of incidence is increased, the transmission decreases in the 
UV and VIS range due to trapping of light in ZnTe thin films. However, in the IR region, 
transmission increases as the incident angle increases as shown in Fig. 5.8. This indicates 
that at larger incident angles, ZnTe thin film becomes more transparent (about 5 %) in the 
IR region. 
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Figure 5.8 Transmission spectra as a function of wavelength with variable angles of 
as-deposited ZnTe sample 
5.3 Summary 
On the basis of these results, it is concluded from the XRD patterns, that the ZnTe thin 
films fabricated by the CSS technique have preferred orientation of [111] and shift in 
peaks in Ag doping samples, indicates the diffusion of Ag into the ZnTe thin films. Due 
to Ag diffusion, the grain size of the samples increases after annealing as observed in the 
SEM images. The resistivity of ZnTe thin films decreases with the increase of Ag 
compositions, which is also supported by the SEM results. The composition of Ag varies 
from 0 to 6 atomic % as observed by the EDX results. The optical transmission of as-
deposited thin film is more than 85 % and energy band gap 2.22 eV. After Ag doping, the 
transmission decreases to 70 %, energy band gap to 2.09 eV and the resistivity reduces 
down to 10
3 Ω-cm.  The transmission decreases in UV and visible regions but increases in 
the IR region with the angle variations. These results show that ZnTe thin films 
fabricated by this technique and doped with low concentrated AgNO3 solution by the ion 
exchange method can be used as interfacial layer between CdTe absorbent layer and 
metal back contact in the second generation solar cells.  
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Copper doping effects on physical properties including structure, surface, optical and electrical properties 
is discussed in this chapter. Some of the results were published in Current Applied Physics with the title: 
“Effects of metal doping on the physical properties of ZnTe thin films”. 
Zinc telluride (ZnTe) is a II-VI compound semiconductor material with a direct band gap 
of 2.26 eV at room temperature [1-4]. ZnTe is an ideal intermediate layer between CdTe 
absorber and metallic back contact for the improvement of heterojunction‟s performance 
of ITO/CdTe/CdS thin films solar cell [5]. It promotes the formation of low resistive, 
stable back contact for the achievement of high efficiency with long term stability of 
polycrystalline ITO/CdTe/CdS solar cells.  
ZnTe has been used in many other applications [6-8]. It is a p-type semiconductor so it is 
used as a background layer in solar cells. It can be doped easily, for this reason, it is one 
of the more common semiconducting material used in optoelectronics [9]. ZnTe has been 
fabricated using many techniques [10-17].  The simple, easy and low cost method for 
doping in II-VI semiconductors is ion exchange process. Cu, Ag and Al were doped using 
this method [18-20].    
Zinc telluride (ZnTe) thin films were deposited on soda lime glass substrate in vacuum 
using close spaced sublimation technique (CSS). The ion exchange process was adopted 
for copper doping on ZnTe thin film. X-rays diffraction (XRD) technique was used for 
structural analysis. Scanning electron microscope (SEM) images were taken to estimate 
the grain boundaries; Energy dispersive X-rays (EDX) results confirmed the copper 
composition in ZnTe samples. Optical parameters like refractive index and energy band 
gap were calculated using Swanepoel model. Electrical properties were measured using 
Hall effect and Van der Pauw measurements to find the resistivity, mobility and carriers 
concentration.  
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6.1 Copper doping procedure 
In the present research work, ZnTe thin film was sublimated using CSS technique. Cu 
was doped in ZnTe as-deposited thin film by ion exchange process. Low concentration 
(0.1/100 ml) solution of copper nitrate Cu (NO3)2 with distilled water was prepared, and 
the as-deposited ZnTe thin films were immersed in the solution at 80˚C for varying times: 
(05 to 40 min) and later dried in air. The doped films were annealed at 350˚C for 1 hour 
to diffuse Cu into the immersed ZnTe samples. Following reaction may be possible due 
to ion exchange process  
                              
6.2 Results and discussion 
6.2.1 Structural study 
XRD reflection peaks of ZnTe thin films showed polycrystalline behavior before and 
after doping as shown in Fig. 6.1. The preferred orientation of plane was [111] with cubic 
phase. No reflection peak in XRD pattern was found that corresponded to the Cu 
compound after Cu immersion.  
Crystallite size of ZnTe thin film was calculated using Scherrer‟s formula [21, 22] and 
was 27 nm which increased slightly with Cu immersion time 05 min to 30 min as shown 
in Fig. 6.2. The 40 min Cu-doped ZnTe sample showed a significant increase in 
crystallite size, which was 52 nm. The slight shift in peaks towards higher 2θ values was 
observed and an increase in the crystallite sizes, produced a stress in volume of unit cell 
of Cu-doped ZnTe samples 
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Figure 6.1 X-rays diffraction patterns of (a) as-deposited ZnTe thin film (b) Cu-
doped ZnTe sample 
Figure 6.2 Variation in crystallite size as a function of Cu immersion time 
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The peak intensity of as-deposited ZnTe thin films was very high as shown in Fig. 6.1, 
but after doping, the relative intensity of Cu-doped ZnTe samples decreased significantly. 
In un-doped and Cu-doped ZnTe thin film samples, the ratios of planes between (111) 
and (311), (111) and (240), (240) and (311) was reduced, suggesting that (311) and (240) 
planes reoriented after Cu immersion as compared to (111) planes. The decrease in 
intensity of the doped samples and intensity ratio of different planes was due to Cu 
atoms‟ diffusion in ZnTe thin films. The stress was produced, as Cu diffused interstitially 
or substituted the Zn atoms. The XRD study showed that the crystallinity of ZnTe thin 
films was affected and planes reoriented after immersion of Cu into ZnTe thin films.  
 
6.2.2 Surface morphological study 
SEM micrographs of as-deposited and Cu-doped ZnTe samples are shown in Fig. 6.3; 
doping time was increased from 05 min to 40 min. The average grain size of as-deposited 
ZnTe thin films was 138 ± 10 nm, which increased to 470 ± 10 nm after 40 min doping. 
The Cu-doped samples had larger grains as compared to as-deposited ZnTe thin films; 
this was due to stress produced by Cu atoms on ZnTe grains. The coalescence was also 
responsible for larger grains in Cu-doped ZnTe samples [23]. Coalescence is the 
phenomenon of merging the small grains into larger grain, due to this effect, the grain 
sizes were increased after Cu doping.  
The elemental composition of the as-deposited ZnTe thin film and Cu-doped ZnTe 
samples were determined from EDX analysis and given in Table 6.1. By increasing the 
Cu immersion time, the Cu composition increased in ZnTe samples. In Table 6.1, it is 
very clear that Cu substituted Te composition. So Te was decreasing and the composition 
of Zn was increasing after Cu immersion; this was responsible for the change in grain 
size of doped samples and the conductivity was still p-type. The atomic weight of Zn is 
65.37 u and Te 127.60 u so the diffusion rate of Zn is high. Due to the high diffusion rate 
of Zn atoms, it is in larger amount as compared to Te atoms as shown in Table 6.1. 
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Figure 6.3 SEM images of (a) as-deposited ZnTe thin film, (b) 30 min Cu-doped, (c) 
35 min Cu-doped and (d) 40 min Cu-doped ZnTe samples 
Table 6.1 EDX study of as-deposited ZnTe thin film and 10-40 min Cu-doped ZnTe 
samples 
Element As dep.  10 min Cu  20 min Cu  30 min Cu 40 min Cu 
 Atom % 
Atom % 
± 0.02 
Atom % 
± 0.02 
Atom % 
± 0.02 
Atom % 
± 0.02 
Cu K 0 1.67 2.01 2.33 2.98 
Zn K 52 53.69 52.80 52.70 54.52 
Te L 48 44.64 45.19 44.96 42.51 
Total 100 100 100 100 100 
As-deposited ZnTe thin film Cu-doped ZnTe samples   
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Tang et al. reported the compositional study of Cu-doped ZnTe samples used to check 
the efficiency of solar cell as a back contact from 1 to 8 atomic % . The efficiency of 
solar cell was higher for 2 atomic % of Cu in ZnTe samples. Cu diffuses in the junction 
of solar cell which degrades the efficiency of solar cell [24]. 
6.2.3 Optical study 
The optical properties are important for photovoltaic materials. The Swanepoel model 
was used to calculate the thickness and refractive index of these samples [25]. The 
oscillating behaviors of thin films were considered to be interference phenomenon in it. 
The absorption coefficient, energy band gap and thickness were calculated using the 
transmission spectra of the as-deposited ZnTe films and doped samples given in Fig. 6.4. 
Figure 6.4 Transmission spectra as a function of wavelength of as-deposited ZnTe 
thin films and Cu-doped ZnTe samples 
(c)  (d)  
Cu-Doping Effects on ZnTe Thin Films  
 
 
85 
The transmission in the as-deposited ZnTe was 85 %, which reduced down to 65 % for 
40 min Cu-doped ZnTe sample in the visible region. The thickness of the samples was 
800 to 1000 nm, refractive index 2.03 and the absorption edge lies in the visible range. 
The transmission reduced due to the Cu immersion in ZnTe samples. As-deposited ZnTe 
thin film has band gap of 2.24 eV as shown in Fig. 6.5, which reduced to 2.20 eV due to 
Cu composition as shown in Fig. 6.6. The variation in energy band gap relates to grains 
as well as carriers concentration. In previous reports, the variation of band gap of as-
deposited ZnTe thin film was 2.24 eV reducing to 2.20 eV after Cu doping [26]. The 
defects level could be created near the valence band of ZnTe thin films after the Cu 
immersion [27].   
Figure 6.5  Determination of energy band gap of the as-deposited ZnTe thin film 
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Figure 6.6  Determination of energy band gap of the 40 minutes Cu-doped ZnTe sample 
6.2.4 Electrical study 
Electrical properties of as-deposited ZnTe and Cu-doped ZnTe thin films were calculated 
using Van der Pauw technique [28]. The electrical properties were measured at 300 K 
and all measurements were repeated several times to minimize experimental error. The 
resistivity of as-deposited ZnTe thin film was 10
5
 Ω-cm. The resistivity of ZnTe samples 
reduced down to 1 Ω-cm after 40 min Cu immersion, which is correlated with increase in 
grain sizes of Cu-doped samples. In Fig. 6.7, the increase in immersion time of Cu results 
in the reduction of resistivity. Tariq et al. reported the resistivity of Cu-doped ZnTe 
samples upto 30 Ω-cm using thermal evaporation technique [18]. Aqili et al. found the 
10.5 Ω-cm resistivity of Cu-doped ZnTe samples by two-source evaporation method [19].  
Resistivity changed due to increase in charge carriers resulting from an increase in Cu 
composition of doped ZnTe sample [27].  
The mobility of as-deposited ZnTe thin film was 16 cm
2
/Vs and increased up to 3.5x10
2
 
cm
2
/Vs for 40 min doped ZnTe samples as shown in Fig. 6.8.  The mobility increased 
gradually with the increase in immersion time, which was due to the increase in carriers 
which is good agreement with previous reports [29, 30].  The value of sheet concentration 
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for as-deposited ZnTe thin film was found to be 4x10
9
/cm
2
 which increased to 
1.4x10
11
/cm
2
 for 40 min doped ZnTe sample. The value of sheet concentration increased 
gradually up to 40 min doped ZnTe sample as shown in Fig. 6.9. The increase in sheet 
concentration was due to the increase in copper composition with the increase of 
immersion time. As the copper elemental composition increased, the value of resistivity 
decreased while the mobility and sheet concentration increased. The lowest value of 
resistivity after Ag doping was about 10
3
 Ω-cm in previous chapter while in Cu doping it 
reduced down to 1 Ω-cm which shows Cu is comparatively good dopant as compared to 
Ag.  
These effects were due to the Cu immersion in ZnTe thin films, and these doped samples 
could be used as a back contact for second generation solar cells.  
 
 
Figure 6.7  Variations in resistivity vs. Cu immersion time 
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Figure 6.8  Variations in mobility vs. Cu immersion time 
 
Figure 6.9  Variations in sheet concentration as a function of Cu immersion time 
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6.3 Summary  
ZnTe thin films sublimated by CSS technique exhibited polycrystalline nature with 
preferred growth orientation in [111] direction. XRD showed that average crystallite size 
increased from 27 nm to 52 nm. In Cu-doped ZnTe samples, it was observed that 
morphology and microstructure were correlated as grain sizes were increased after Cu 
immersion in low concentration copper nitrate solution. EDX results showed the 
increased Cu composition immersed in ZnTe thin films. Optical study showed that 
transmission decreased with increase in Cu atomic % because Cu acts as a reflecting 
material. Transmissions decreased from 85 % to 65 % after Cu doping. A minute 
decrease in band gap was observed after Cu doping. In electrical measurements, it was 
observed that resistivity of as-deposited ZnTe thin film was 10
5
 Ω-cm, which reduced to 
1 Ω-cm after Cu immersion in low concentrated solution. The value of resistivity after 
doping was reduced by several orders of magnitude and the Cu-doped ZnTe sample 
showed semiconducting behavior. ZnTe could be used as an interfacial layer between 
CdTe and metallic back contact for solar cells. 
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In this chapter, for Zn enrichment in ZnTe thin films, a new method was adopted for fabrication, the atomic 
% of Zn and Te was controlled and variation in physical properties was examined for solar cell 
applications.  
The purpose of this research work is to study the Zn and Te enriched ZnTe thin films by 
close spaced sublimation (CSS) technique for low resistive back contact. The fabrication 
conditions play a vital role on the physical properties [1-6]. In this context, many 
researchers have reported good quality thin films by using various fabrication conditions 
[5-7]. ZnTe thin films have been prepared using vapor phase epitaxy [5], molecular beam 
epitaxy [8], hot wall epitaxy [9], metal organic vapor phase epitaxy [10], radiofrequency 
sputtering [11], electro-synthesis [12], two source evaporation [13], thermal evaporation 
[14] and CSS technique [15]. Among all of the techniques, CSS is one of the best 
techniques for sublimation of II-VI solar cell materials due to some unique features such 
as; a small distance between source and substrate, resulting in a rough film for light 
trapping, efficient use of material (20 mg) with high throughput, a beneficial crystallite 
orientation and large grain size. The vapor pressure is extremely high which makes 
stoichiometric films as compared to other technique that are suitable for solar cell 
applications [16, 17].  
ZnTe thin films have been used as a buffer layer between CdTe and metal back contact in 
CdS/CdTe solar cells. A stable and low resistance back contact is required for high 
efficiency solar cells [16]. The electron affinity for CdTe is 4.28 eV; the work function 
required for good ohmic contact with a metal is nearly equal to the electron affinity plus 
the band gap of CdTe (i.e. 5.78 eV). Many attempts have been made to produce a good 
back contact to CdTe using metal doping, but this requires a high work function. An 
alternative way to make a good back contact is to use a heavily doped p-type 
semiconductor. ZnTe has a valence band offset of 0.2 eV from CdTe [18]. The tunneling 
of carriers takes place when the interface between the potential barrier of doped ZnTe and 
CdTe is low [19]. The resistivity of ZnTe decreases with metal doping, as reported earlier 
[13, 15], and must be decreased further to produce low resistive back contact. 
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Stoichiometric change in Zn and Te atoms may enhance the defects in ZnTe thin films 
and also reduces the resistivity of these thin films.  
In this study, a new layer by layer method is adopted to produce Zn, Te-enriched ZnTe 
thin films which exhibit both low resistivity and are stable as an interfacial layer used in 
back contacts. 
7.1 Samples preparation 
Zinc telluride (ZnTe) powder of high purity (99.99 %) was used as a source material. A 
glass slide was used as substrate onto which ZnTe thin film was deposited by CSS 
technique. The substrate was cleaned by isopropyl alcohol (IPA) in an ultrasonic cleaner 
for 20 min at 60
o
C, and dried in air. A cleaned graphite boat was used to sublimate the 
source material (20 mg). The distance between source and substrate was set to 5 mm in 
order to obtain a good quality thin film. A mica sheet was introduced with a rectangular 
wide hole between source and substrate to produce a temperature gradient. The top of the 
glass substrate was covered with a graphite slab for uniform heating. A combination of 
rotary and diffusion pump were used to evacuate the chamber up to 10
-4
 mbar. Once the 
vacuum level was obtained, 1000 W and 500 W halogen lamps were switched ON to heat 
the source and substrate respectively. Two K-type thermocouples with temperature 
controllers were inserted into the source boat and substrate slab to monitor the 
temperatures. The temperatures of source and substrate were gradually increased up to 
450
o
C and 360
o
C respectively. After fabrication of a film, the lamps were switched off. 
The chamber was left to cool down to room temperature. 
For making Zn-enriched ZnTe thin films, a layer by layer method was adopted in which 
the 1
st
 layer of ZnTe thin film was followed by the Zn as a 2
nd 
layer, evaporated by the 
CSS technique onto it. After the Zn evaporation, a third layer of ZnTe, was evaporated to 
sandwich the Zn layer as shown in Fig. 7.1. As the sticking coefficient of Zn on the 
substrate is not good and therefore Zn cannot be deposited as 1
st
 layer on the glass 
substrate [20]. In addition, pure zinc (99.99 %) was treated as a source material. Zn was 
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evaporated on to the ZnTe thin film‟s substrate. The same procedure as mentioned above 
was adopted for making Zn film, the only difference was source and substrate 
temperatures, which were 425
o
C and 300
o
C, respectively for sublimation of Zn. To form 
a third layer of ZnTe on the 2
nd
 layer, the substrate temperature was kept at the source 
temperature of 2
nd
 layer (i.e. Zn sublimation temperature 425
o
C) to avoid the re-
evaporation of Zn. The third layer was sublimated for 1 min, 3 min, 5 min and 7 min. The 
prepared ZnTe thin films in such a way were annealed for 1 hour at 350
o
C, to improve 
the Zn diffusion and for further study. 
 
Figure 7.1 Schematic of Zn-enriched ZnTe thin films sandwich structure 
For the enrichment of tellurium (Te) in ZnTe thin films, pure Te powder (99.99 %) was 
used as a source material by using the CSS technique. Deposition was carried at a source 
temperature of 350
o
C and substrate temperature of 250
o
C. The procedure was the same as 
that described for Zn enrichment. The Te-enriched ZnTe thin films were subsequently 
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annealed at different temperatures (225
o
C, 250
o
C, 275
o
C and 300
o
C for 1 hour and at 
300
o
C for 2 hours) to investigate the diffusion of Te in the ZnTe thin films. 
Finally, films were characterized structurally, compositionally, optically, and electrically 
as described below. The effect of annealing for the applications in optoelectronics and 
renewable energy technologies was investigated. 
7.2 Results and discussion 
7.2.1 Structural study 
XRD patterns of Zn-enriched and Te-enriched ZnTe thin films are shown in Fig. 7.2 (a) 
& (b) respectively. XRD patterns of the as-deposited ZnTe thin films showed the 
polycrystalline nature. The preferred orientation was found to be [111] with a cubic 
phase. The peak at 2Ө = 27.27 has a full-width at half-maximum (FWHM) 0.3542, which 
matched with ICDD reference card No. 00-089-3054. This corresponds to a lattice 
parameter of 6.0980 Å. 
The crystallite size (D) was calculated using the Scherrer‟s formula [21]. The average 
crystallite size for the as–deposited ZnTe thin films was found to be 28 nm in case of Zn 
enrichment. After 1 min deposition of the 3
rd
 layer of the ZnTe thin film, the strongest 
diffraction peak appears at 2Ө = 25.28 with a FWHM of 0.2755. When matched with 
reference card No.00-015-0746, the lattice constant is determined to be 6.1026 Å and the 
average crystallite size is 38 nm. Following enrichment of Zn, after depositing the 3
rd
 
layer of ZnTe for 3 min, 5 min and 7 min, the values of 2Ө are 25.35, 25.15, 25.37 
degrees and corresponding values of FWHM of 0.2362, 0.5510 and 0.3936 were obtained 
as a strongest peak. The ICDD reference card No. 01-071-8947 was matched with 3 min 
deposition, and for 7 min deposition with a difference of 0.01 degree in the value of 2Ө, 
corresponding to a lattice constant of 6.0790 Å. The 5 min deposition was matched with 
ICDD reference card no. 01-071-5965 with a difference of 0.01 degree in the value of 
2Ө. The values of crystallite size obtained for these samples were 46 nm, 17 nm and 24 
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nm, respectively due to the diffusion of Zn in ZnTe thin films by substitution or 
interstitial.  
The phase was found to be cubic after the Zn enrichment process in all the samples. It can 
be observed in the XRD data that the number of different planes (peak intensity) is 
reduced after enrichment. Seven peaks were observed in the as-deposited ZnTe thin film, 
and six for the 1 min deposition of a 3
rd
 layer of ZnTe. For 3 min and 5 min, there were 
four peaks and, after 7 min deposition, the number of peaks was three because of 
orientation of peaks. The composition of Zn and Te in atom % shown in Fig. 7.2 is taken 
from the EDX spectroscopy. 
The ratio of planes (111) / (220), (111) / (311) and (220) / (311) was found to be in 
decreasing trend as the composition of Zn increased, which shows that the planes reorient 
after Zn diffusion. The value of 2Ө was found to increase corresponding to an increase in 
crystallite size for the as-deposited films. The FWHM decreased, which indicated 
improved crystallinity.  
The decrease in the value of the lattice constant, suggested that the ZnTe thin films, after 
the Zn enrichment process, might be subject to a tensile stress due to the planes of Zn and 
ZnTe thin films. Pure Zn peak was not observed in Zn enriched ZnTe thin films. A color 
change was also observed after the Zn-enrichment process, from brown to dull brown 
which might be due to the dissipation of Te or increasing Zn composition. These results 
are consistent with those of E. Bacaksiz et al. [22]. 
Fig. 7.2 (b) shows the XRD data for the Te-enrichment process. The annealing 
temperature was increased to 250
o
C for 1 hour, preferred orientation peak (111) was 
observed at 2Ө = 27.64 with a FWHM of 0.47. Annealing at 250oC for 2 hours gave an 
amorphous film as no peak was observed in XRD data. A further increase in temperature 
up to 275
o
C, peak was observed at 2Ө of 27.51o with a FWHM of 0.24. The above values 
of 2Ө could not be matched with any reference cards for ZnTe. Annealing to a 
temperature of 300
o
C for 1 hour, gave a 2Ө value of 25.33o with FWHM = 0.27. 
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Figure 7.2 X-ray diffraction patterns of (a) Zn-enriched ZnTe thin films and (b) Te-
enriched ZnTe thin films 
This was matched with ICDD card No. 03-065-0149 and corresponds to a lattice constant 
of 6.0890 Å and a crystallite size of 46 nm. Further annealing optimization of the film 
was done by increasing the annealing time up to 2 hours at 300
o
C. This resulted peak at 
2Ө value of 25.19o, with FWHM 0.16. This matched with ICDD card No. 01-071-5965 
with a crystallite size of 38 nm. The peaks ratio of (111) / (220) and (111) / (311) was 
decreasing; the ratio of peak (220) / (311) was unchanged. The change in peak ratio 
might be due to the planes reorientation. Mainly, (111) plane reoriented with respect to 
(220) and (311) planes. The preferred orientations become shifted towards higher angular 
positions with increase in Zn and Te composition. This effect was related to the reduction 
in bond length of the ZnTe lattice by Zn or Te interstitials, the lattice constant also 
decreased after Zn and Te enrichment. Similar results were found in the already reported 
research work on CdTe [23, 24]. 
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7.2.2 Surface morphological study 
The effect of Zn enrichment on the morphology of the ZnTe thin films is shown in Fig. 
7.3. As-deposited ZnTe thin film resulted in a smooth surface, containing fine grains of 
different sizes as shown in Fig. 7.3 (a). The presence of larger grains as a part of the 
surface structure indicate that many changes occurred in the microstructure after 
enrichment of Zn on the as-deposited ZnTe thin film. Fig. 7.3 (b), (c), (d) shows the SEM 
micrographs of the samples enriched with Zn for 3 min, 5 min and 7 min respectively.  
 
Figure 7.3 SEM micrographs of (a) as-deposited ZnTe thin film, (b) 3 min deposition 
of ZnTe (c) 5 min deposition of ZnTe thin film, and (d) 7 min deposition 
of ZnTe thin film 
Zn and Te Enrichment in ZnTe Thin Films  
 
 
100 
The images show re-orientation after Zn enrichment which indicates grain merging. It 
was observed that in Zn-enriched ZnTe thin films, the grain sizes were significantly 
reduced. After annealing, Zn-enriched ZnTe thin films showed non-homogeneous grains 
and some discontinuities. These discontinuities affect the mobility of charge carriers. 
This effect occurred might be due to the separation of grains.  
 
SEM images of Te enriched ZnTe thin films are shown in Fig. 7.4. Different annealing 
temperatures were investigated as described in section 7.1. The SEM images confirm that 
the grain sizes increase after Te enrichment and annealing at 300
o
C for 1 hour and for 2 
hours. In addition, the shapes of the grains appeared to form rod like structures. A similar 
approach was used on CdTe by M. A. Khan et al. [24].  
 
Figure 7.4 SEM micrographs of (a) as-deposited ZnTe thin films, (b) after annealing 
at 275
o
C for 1 hour, (c) 300
o
C for 1 hour and (d) 300
o
C for 2 hour  
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The maximum Te content was found for the film annealed at 300
0
C for 1 hour. The 
annealing process facilitates the movement of Te atoms in ZnTe thin films and is also 
responsible for the grain growth in ZnTe thin films resulting in coalescence of the small 
grains to bigger one and the reorientation of the grains. This coalescence is believed to 
play a vital role in compound semiconductors [23]. As the surface diffusion increases, 
due to the increase in annealing time and temperature, the mobility of Zn or Te impurity 
atoms increases and the coalescence to form larger grains can occur.  
Table 7.1 shows the elemental composition of the films obtained from EDX study. The 
atomic % of Zn increases as the enrichment time in the third layer of ZnTe increases. 
Similarly the Te content in ZnTe thin films also increases after annealing. 
Table 7.1 EDX study of as-deposited ZnTe thin film with Zn and Te enriched ZnTe 
thin films 
Zn-enrichment Zn  
(Atomic %) 
± 0.01 
Te 
(Atomic %) 
± 0.01 
Te-enrichment Zn 
 (Atomic %) 
± 0.01 
Te 
(Atomic %) 
± 0.01 
As-deposited 
ZnTe thin film 
51 49 As-deposited 
ZnTe thin film 
51 49 
1 min Zn 52.09 47.91 250
0
C for 1 hour 44.12 55.88 
3 min Zn 54.02 45.98 275
0
C for 1 hour 39.89 60.11 
5 min Zn 56.34 43.66 300
0
C for 1 hour 37.42 62.58 
7 min Zn 67.91 32.09 300
0
C for 2 hour 38.78 61.22 
7.2.3 Optical study 
The optical properties of the films were measured using UV-VIS-NIR spectrophotometer 
(LAMDA 950) in transmission mode at room temperature. The energy of the band gap 
was measured by using the Swanpoul model [25]. Oscillations (shown in Fig. 7.5.) were 
due to interference phenomenon in these films. The as-deposited ZnTe thin film 
displayed greater than 80 % transmission. A graph comparing transmission of the as-
deposited ZnTe thin film and Zn-enriched ZnTe thin films is shown in Fig. 7.5. 
(a) (a) (a) (b) c d
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As the composition of Zn is increased, the transmission decreases which might be due to 
the fact that optical scattering increases as the crystal structure becomes distorted. A very 
small decrease in energy band gap is observed which is attributed to Zn diffusion. It may 
also be related to the change in grain sizes. Transmission spectra of Te-enriched ZnTe 
thin films are shown in Fig. 7.6 and show that the presence of Te affects the transmission. 
As mentioned above, the annealing process leads to diffusion of Te into the ZnTe thin 
films [23]. The thicknesses of the Zn and Te enriched samples were 300 nm to 500 nm in 
ZnTe thin films.  
 
Figure 7.5 Transmission spectra as a function of wavelength of as-deposited and Zn-
enriched ZnTe thin films 
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Figure 7.6 Transmission spectra as a function of wavelength of as-deposited and Te-
enriched ZnTe thin films 
7.2.4 Electrical study 
In order to measure the electrical properties of Zn, Te enriched ZnTe thin films, the Van 
der Pauw technique was used at room temperature. The resistivity of as-deposited ZnTe 
film was measured as 10
5
 Ω-cm. As the composition of Zn increased in the ZnTe thin 
films, the resistivity of the films increased to 10
8 Ω-cm. The mobility reduced from 103 to 
10
1
 cm
2
/Vs as shown in Fig. 7.7. Resistivity increases due to increase in micro-structural 
defects and the grain boundary discontinuities. The resistivity of Te-enriched ZnTe thin 
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films was observed up-to 10
3 Ω-cm. P-type conductivity was observed in Zn and Te 
enriched ZnTe thin films due to self-compensation effects. The excess of Te in ZnTe thin 
films might be expected to reduce the resistivity as the optical band gap energy was 
reduced [26]. However the increase in resistivity is observed, possibly due to the fact that 
the stoichiometry changed as indicated in EDX results, leading to defects at grain 
boundaries. Similar results using two-source evaporation were observed by A. Ali et al. 
for CdTe thin films. The elemental composition of Cd varied from 47 wt. % to 61 wt. % 
and Te varied from 53 wt. % to 39 wt. %. The value of sheet resistance was 10
9
 which 
reduced to 10
3
 Ω/sq as reported earlier [27]. To best of our knowledge no literature is 
available on Zn and Te enrichment using CSS technique. 
 
 
Figure 7.7 Variations in resistivity and mobility vs. atomic % of Zn 
Zn and Te Enrichment in ZnTe Thin Films  
 
 
105 
7.3 Summary 
The effects of Zn and Te diffusion on the structure, surface, optical and electron transport 
properties of ZnTe thin films were studied. XRD revealed that the preferred orientation 
was [111] and as-deposited ZnTe, Zn/Te-enriched thin films exhibited a polycrystalline 
structure. The crystal structure was found to be cubic with both Zn and Te enriched ZnTe 
thin films. XRD showed that enrichment affected the crystallinity due to reorientation of 
planes in Zn and Te enriched ZnTe thin films. The crystallite size after Zn enrichment 
decreased. In addition, the value of the lattice constant was reduced showing that bond 
length between Zn and Te was changed. The as-deposited ZnTe films were larger in grain 
sizes and more tightly packed relative to the enriched films. Zn-enriched ZnTe thin films 
showed smaller grains sizes and discontinuities between the grain boundaries occured. 
Te-enriched ZnTe thin films showed rod-like grains. The optical energy band gap 
increased after Zn-enrichment showing that the defect states were produced and the 
transmission decreased as the composition of Zn was increased in ZnTe thin films 
indicating that Zn is a good reflector for light in UV-VIS-NIR regions. The transmission 
also decreased for Te-enriched ZnTe samples. The electrical resistivity increased as Zn 
composition increased which may be the effect of discontinuities of grains. EDX analysis 
also showed a change in stoichiometry after the enrichment process. The electrical data 
suggest that Zn-enriched ZnTe thin films could not be used as the back contact in solar 
cells because of increase in resistivity. The resistivity is decreased down to 10
3
 Ω-cm, in 
Te-enriched ZnTe thin films might be suitable for back contact for solar cells instead of 
ZnTe thin films having 10
5
 Ω-cm. The decrease in resistivity of Te-enriched ZnTe thin 
films was due to the fact that defect states are generated in energy band gap which might 
have shifted the Fermi level and hence the transition of electron possible having less 
energy.  
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The present chapter describes the fabrication of CdS thin films using CSS technique; the work is published 
in AIP conference proceeding entitled as:  
“Study of Cadmium Sulfide thin films as a window layers” 
Cadmium sulfide (CdS) is prominent material in II-VI semiconductors. It is used as a 
window layer material for CdTe based solar cells [1]. Commonly, it is n-type material 
with energy band gap 2.42 eV at room temperature. CdS was fabricated using many 
techniques including thermal evaporation [1] chemical bath deposition technique [2], 
sputtering [3], close spaced sublimation (CSS) [4] etc. CdS is a highly resistive material 
so the main problem with this material is to control its resistivity but not on the loss of its 
optical properties including transmission for window layer. Many attempts have been 
made so far to achieve low resistivity [5-10], improvement in its electrical and optical 
properties is still necessary for efficiency of CdTe based solar cells. 
CdS thin films of different thicknesses were deposited on corning glass by close spaced 
sublimation technique under vacuum. All the deposition parameters were optimized to 
achieve good quality films. Structural, electrical and optical properties were investigated.  
8.1 Samples preparation 
Cadmium sulfide powder was put in a graphite boat, heated by a halogen lamp (1000W) 
connected to the main power through temperature controller with K-type thermocouple. 
The substrate was fixed at a distance of about 5 mm from the source material. It was 
heated by another halogen lamp (500W), while the thermocouple was placed over the 
substrate to monitor its temperature. Source and substrate temperatures were 550
o
C and 
400 
o
C respectively.  The chamber was evacuated  10-4 mbar with the help of rotary as 
well as diffusion pump. The deposition time was varied from 1 to 5 minutes  at the source 
temperature of 550 
o
C, then the source and substrate lamps were switched off to allow 
cool down to room temperature before opening the chamber. All thin films were annealed 
at 400 
0
C temperature for 30 minutes under the same vacuum. The samples denoted by 
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CdS 01 to CdS 05 were prepared by the CSS technique. The physical properties of these 
samples are presented here. 
8.2 Results and discussion 
8.2.1 Structural study 
XRD pattern clearly shows polycrystalline behavior of the films. CdS has been reported 
in cubic as well as hexagonal phases; here the structure is cubic matched with ICDD 
reference card and preferred orientation of planes [111] direction as shown in Fig. 8.1.  
 
Figure 8.1  XRD patterns for CdS 01 to CdS 05 thin films 
The crystallite size was calculated by using Scherrer‟s formula [11-13]:  
 
  
   
       
 
 
It was observed that different diffraction peaks mainly (111), (101) and (103) in which 
intensity of (111) planes was high, compared to other peaks as film thickness increases 
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the intensity ratio of C (111) to C (103) and C (111) to C (101) varied which indicates the 
reorientation of planes and improvement in crystal structure [14-17].  
By increasing the thickness, it is observed that average crystallite size increases and 
dislocation density, strain decrease [13]. For the thickness of 1600 nm, the sample shows 
better crytallinity. 
8.2.2 Optical study 
Optical spectra of CdS thin films have high transmission in visible and infra-red region 
also a steep edge at about 515 nm wavelengths is shown in Fig. 8.2.  The oscillations are 
due to constructive and destructive interference phenomenon. Transmission is in between 
60 % to 80 % in the visible region and becomes 90 % in the IR region. The transmission 
varied with thickness as thickness increased transmission decreased. The band gap of 
these samples was deduced from the pot of (αhυ)2 Vs. hυ [18-20]. The energy band gap 
was 2.42 eV in these CdS thin films. More than 20 % light is absorbed in the visible 
region due to this energy band gap edge. The energy band gap values are not much 
affected by increase in thickness.  
 
The samples were placed at different angles from zero to 60 degree, which show that 
transmission decreases by increasing angles variation by 10 degrees step as shown in Fig. 
8.4., but there is no change in band gap. More light trapped in CdS thin films at higher 
angles suggests the incident angle for window layer should be normal to surface of films.   
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Figure 8.2  Transmission vs wavelengths of as-deposited CdS thin films 
 
Figure 8.3  Variations in energy band gaps of as-deposited CdS thin films 
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Figure 8.4  Variations in angle from zero to 60 degrees of CdS thin films 
Using equation (hυ-Eg)1/2 vs αhυ, the direct band gap was observed in CdS thin films [21, 
22] as shown in Fig. 8.5. The direct band gap transition type is one of the important 
parameter for window layer material to minimize the energy loss in terms of lattice 
phonon absorption. 
Figure 8.5 Direct band gap transition type in as-deposited CdS thin films 
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8.2.3 Electrical study 
For CdS 01 to 05 samples, the data were taken from the Hall measurement system, 
having optical thickness which was calculated by the spectrophotometer. Current of 1 nA 
is applied with 0.5 T magnetic field, for the calculation of Hall co-efficient, mobility and 
resistivity. The mobility was calculated using the relation, 
 
 
   
    
   
    
 
   
 
 
 
q is the charge, n denotes the charge density and R shows resistance of the sample. Fig. 
8.6 shows that there is decrease in the resistivity and increase in the mobility with the 
increase in thickness of the samples. As the thickness increases more charges are 
available for conduction. The resistivity in all CdS thin films was of the order of 10
5 Ω-
cm which is in good agreement with previous reports available on CdS thin films. 
Resistivity of CdS thin films was reported of the order of 10
7
 Ω-cm by thermal 
evaporation technique [13]. Low resistivity is favorable for window layer material as it 
may enhance the electron density  [4].  
Figure 8.6 Thicknesses vs. resistivity of CdS thin films 
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8.3 Summary 
As a result, the XRD patterns show polycrystalline behavior and crystallite size changes 
with thickness variations. In electrical properties, resistivity decreases as thickness 
increases. The mobility increases with the increase of thickness of the samples. % T 
decreases by giving angle variation but band gap remains the same. The absorption edge 
of CdS thin films should move towards lower wavelength to minimize absorption losses. 
Optical data confirms the direct band gap in CdS thin films. CdS thin films follow 
semiconductor properties and may be used as window layer. Further enhancement in 
energy band gap of CdS thin films is favorable for window layer and can be achieved by 
doping of Zn in CdS thin films as discussed in next chapter.   
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In this chapter fabrication of CdZnS through mechanical mixing is achieved using CSS technique. The 
work is published in Journal of Optical Materials entitled as: 
“CdZnS thin films sublimated by close spaced using mechanical mixing: A new approach” 
II-VI semiconductors have achieved attention of scientists and researcher due to the 
tunable energy band gaps [1]. II-VI semiconductor compounds have been reported 
intensively on theoretical and experimental aspects of materials and devices as well. 
Cadmium sulfide (CdS) is an important II-VI material for the use of window layer in 
CdS/CdTe solar cells [2-8]. Zn substitution in CdS forms the CdZnS (CZS) ternary 
compound, which has a direct energy band gap over the whole alloy composition. The 
varied compositions can be used to fabricate the hetero-junction photovoltaic devices. 
CZS thin films were used as a window layer in solar cells [9-19]. The addition of Zn in 
CdS thin films was responsible of enhancement in energy band gap of CdS, which was 
used in heterojunction solar cells.  
CdS and zinc (Zn) powders were mixed mechanically with different weight percentages 
to make CdZnS powder. CZS as-deposited thin films were characterized for structural, 
surface morphology with energy dispersive X-rays (EDX) and optical properties for the 
use of window layer in CdS/CdTe based solar cells. The different Zn compositions in 
CZS played a vital role on crystallite size in structural analysis and optical properties e.g. 
transmission, absorption coefficient and energy band gap is the primary focus for window 
layer. The crystallite size of as-deposited CZS thin films were increased as Zn 
composition increased. The energy band gap varied from 2.42 eV to 2.57 eV for as-
deposited CZS thin films with increasing Zn compositions also surface morphology 
changed. These changes occurred due to zinc substitution in CdS thin films. An angle 
resolved transmission data was taken to check the behavior of CZS thin film at different 
angles.  
In the present study, CZS thin films have been fabricated using CSS technique by 
mechanical mixing of CdS and Zn powders to raise the energy band gap. The 
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transmission of light has been increased in the window layer which is not reported earlier 
as per our knowledge for CdTe based solar cells. The composition of Zn is not controlled 
in CSS technique due to unavailability of shutter arrangement [13, 14, 16-18]. 
9.1 Samples preparation 
Cadmium sulfide powder (Aldrich 99.99 %) was used with pure zinc powder by weight 
percentage using electronic balance to fabricate CdZnS thin films. Different weight 
percentages 5 %, 10 %, 15 %, 20 % and 25 % Zn were mechanically mixed with the CdS 
powder.  The mechanically mixed CdZnS powder was used as a source material. A glass 
slide was used as a substrate which was cleaned in ultrasonic bath with isopropyl alcohol. 
A cleaned graphite boat having 20 mg source material was put in a chamber with a 
substrate. The source and substrate distance was fixed at 5 mm. The vacuum of the 
chamber was 10
-4
mbar, attained with the help of rotary and diffusion pump. Source and 
substrate were heated directly with halogen lamps and the temperatures were controlled 
by two temperature controllers connected with K-type thermocouples. A mica sheet was 
introduced between graphite boat and glass slide to create temperature gradient between 
the source and substrate. The substrate was covered with graphite slab for uniform 
heating. The vacuum was measured by pirani and penning gauges connected with the 
vacuum chamber. The lamps were switched ON; the source and substrate were heated 
slowly up to 550
o
C and 350
o
C respectively. The deposition time was kept at 3 min for 
CZS thin films to control the thickness. As the deposition time was attained, the lamps 
were switched OFF and the chamber was left for cooling to room temperature. The same 
process was adopted for the fabrication of CdS thin films as discussed in previous 
chapter. 
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9.2 Results and discussion 
9.2.1 Structural study 
The crystal structure and crystalline quality of CZS thin films were examined by using X-
ray diffraction technique with diffraction angle ranging from 20 to 80 degrees. The CdS 
thin films exhibited hexagonal phase which was indicated by the scattering from (002), 
(101), (102), (103), (201), (203) planes matched with ICDD reference card No. 00-049-
1302, Fig. 9.1 (a). The XRD patterns revealed that the most intense peak was (002) 
corresponding to preferred orientation of CdS thin films at 26.840.  
CZS thin films showed mixed phases of cubic and hexagonal structures with preferred 
orientation of [002] at 27.01
o
. Two new peaks (100) and (110) that are related to cubic 
phase shown in Fig. 9.1 (b), matched with ICDD reference card No. 00-040-0836. The 
diffraction angle was shifted towards higher 2θ values with the increase in Zn 
compositions as shown in Fig. 9.2 which confirmed that (002) lattice constant decreased. 
The shift was due to the residual strain. The change in peak position was also due to 
lattice stress. As Zn composition was increased in CZS thin films, Zn
2+
 substituted Cd
2+ 
site in the CdS lattice [15]. The hexagonal phase of CdS and CZS thin films showed the 
general tendency that c-axis of CZS was perpendicular to the film surface [17]. The 
intensity decreased after Zn composition, indicating that crystalline quality of CdS thin 
films was good as compared to CZS thin films [15]. The crystalline quality was attributed 
using the crystallite size calculations by using Scherrer‟s formula, 
 
  
   
       
 
(1) 
 
Where „λ‟ is the wavelength, „β‟ full width at half maximum (FWHM) expressed in 
radians and „θ‟ the Bragg‟s angle [20, 21]. The dislocation density was calculated using 
1/D
2 
[22]. 
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Figure 9.1 X-ray diffraction patterns of (a) as-deposited CdS and (b) CZS thin films 
Figure 9.2 (002) peak shift of as-deposited CdS and CZS thin films in the XRD 
patterns 
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Crystallite size of as-deposited CdS thin films was about 20 nm, which was increased up 
to 25 nm after increasing Zn composition in CZS thin films. So the dislocation density 
was decreased by increasing the Zn composition, which may be attributed to 
improvement of the crystal structure. These results are matched with the results achieved 
by Bhavanasi et al. [23]. 
9.2.2 Surface morphological study 
The SEM is the most suitable technique to study the microstructure of thin films. In Fig. 
9.3, the morphology of CdS and CZS thin films with different Zn composition is 
presented. CdS and CZS thin films showed different shapes of grains including 
triangular, round and elongated. CdS thin films also indicate the roughness in the 
micrograph which was reduced as the Zn composition increased which is good for 
window layer material. Low concentration of Zn in the CZS thin films showed larger 
grains as shown in Fig. 9.3 (b) in which 10 % Zn was mechanically mixed in CdS 
powder. The increase in composition of Zn in CdS powder with the same method up to 
15 % clearly indicated the process of coalescence took place as observed in Fig. 9.3 (c). 
The further increase of Zn quantity in the CdS pow 
der showed that grains sizes decreased and the number of grain boundaries increased as 
shown in Fig. 9.3 (d). The re-orientations of grain‟s growth in II-VI semiconductors are 
well reported [21]. 
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Figure 9.3 SEM images of (a) as-deposited CdS (b) CZS (10 % Zn) (c) CZS (15 % 
Zn) (d) CZS (25 % Zn) thin films 
EDX was carried out in atomic % composition for the mechanically mixed CZS and CdS 
thin films. Table 9.1, shows the EDX of as-deposited CdS thin films while the Table 9.2 
shows the Zn composition in CZS thin films.  
Table 9.1: Elemental composition of the as-deposited CdS thin film. 
Element Atom % 
S 40 
Cd 60 
EDX indicated that Zn replaced Cd and the composition of Cd was decreased after Zn 
diffusion with a slight increase in S as shown in Table 9.2. 
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Table 9.2 Elemental composition of CZS (10 % Zn, 15 % Zn and 25 % Zn)  
thin films by mechanical mixing method 
9.2.3 Optical study 
The transmission spectra  of CdS and CZS thin film samples were recorded in the range 
of ultraviolet, visible and near infrared (UV-VIS-NIR) (250 nm to 2000 nm) as shown in 
Fig. 9.4. The oscillations show the interference phenomenon in these thin films. The CdS 
and CZS films are highly transparent in the visible region (more than 80 %).  
These spectra clearly indicate the effects of Zn on the optical parameters like refractive 
index, absorption coefficient and energy band gap etc. These parameters were calculated 
by using transmittance data and fitting the transmittance curve by well-known equations 
[24, 25]. The increase in Zn composition showed variation in refractive index and energy 
band gap. The energy band gap of as-deposited CdS thin films was 2.42 eV and average 
refractive index was 2.65, after increasing the Zn composition to 25 %, the energy band 
gap increased to 2.57 eV and refractive index to 3.25.  
 
10 % Zn 15 % Zn 25 % Zn 
Element Atom % Atom % ± 0.05 Atom %± 0.05 
S 40 43.13 54.87 
Zn 8 11.08 15.76 
Cd 52 45.79 29.37 
Total 100 100 100 
Fabrication of CdZnS Thin Films 
 
 
126 
 
Figure 9.4 Optical spectra of as depositedCdS and CZS thin films with 
different composition of Zn 
 
As the composition of Zn was increased the absorption edge shifted toward lower 
wavelength. The energy band gap of CdS thin film was shown in Fig. 9.5 (a) and was 
increased after Zn diffusion. CdS thin films were direct band gap transition type as 
reported earlier [3]. After Zn substitution it was observed that the CZS thin films 
remained as direct band gap material as shown in Fig. 9.5 (b).  
An angle resolved optical transmission data was carried out for CZS thin films ranging 
from zero to 60 degrees as shown in Fig. 9.6. As the angle of incident light was 
increased, the transmission for CZS thin films was decreased in UV and visible regions, 
which may be due to the trapping of light. In IR region, the transmission was increased as 
the angle increased which showed that at higher angles, CZS thin films are more 
transparent in this region. 
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Figure 9.5 (a) Energy band gap of as-deposited CdS thin film and CZS thin film (25 
% Zn)  (b) direct band gap transition type in CZS thin film 
 
Figure 9.6 Angle resolved spectra of 25 % Zn CZS thin film 
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9.3 Summary 
The effects of Zn mixing in CdS were studied by structural, surface morphology and the 
optical properties. In XRD patterns, CdS and CZS thin films showed polycrystalline 
behavior with preferred orientation [002]; the peaks shifted towards higher angles after 
Zn diffusion and the decrease in lattice parameter observed. The increase in crystallite 
size indicates the improvement in crytallinity. SEM images indicated that the grains were 
increased after Zn diffusion in the CZS thin films. Zn composition observed in the EDX 
results confirmed the presence of Zn in CZS thin films. The optical parameters like 
energy band gap of CZS thin films was increased up to 2.57 eV, which reflected the 
wavelength of 482 nm after Zn substitution and the transition type remained as direct. An 
angle resolved transmission showed a very interesting behavior that at higher angles, the 
transmission was decreased in UV and VIS regions but increased in the IR region, which 
confirmed that these thin films are more transparent in the IR range at higher angles. 
These results including structural, surface morphology and the optical properties are 
strongly correlated which validate this argument that Zn can be diffused by mechanical 
mixing method and the CZS thin films could be used as a window layer instead of CdS 
having wide band gap. The energy band gap of CZS was successfully tailored towards 
lower wavelength which enhances the transmission in window layer. Before that Zn was 
added in CdS by chemical bath deposition in which maximum efficiency of 16.5 % was 
reported for CdTe based solar cells.     
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Close spaced sublimation technique has been successfully constructed and installed at 
Thin Films Technology (TFT) Research Laboratory, CIIT, Islamabad. By using the CSS 
technique, the deposition parameters of ZnTe thin films were optimized. It was observed 
that the higher substrate temperature had influenced the structural, optical and electrical 
properties of thin films. ZnTe thin films had cubic structure with [111] as a preferred 
orientation. The energy band gap of ZnTe thin films was 2.24 eV. The electrical 
resistivity of the order of 10
5
 Ω-cm was achieved which is 102 times less than other 
techniques.  
Ion exchange process was adopted for Ag and Cu doping onto ZnTe thin films to achieve 
low resistive back contact. After Ag immersion, the resistivity of ZnTe thin films reduced 
to 10
3
 Ω-cm, the energy band gap was 2.09 eV and more than 65 % transmission was 
observed in visible region. The resistivity was reduced to 1 Ω-cm by Cu doping. The 
energy band gap was reduced to 2.20 eV in this case after Cu doping. Strong correlations 
between structural, surface, optical and electrical properties were observed in the light of 
previous reports available in the literature.  
The Zn and Te-enriched ZnTe thin films were successfully fabricated by using the CSS 
technique. The composition of Zn and Te were enhanced by using CSS technique which 
was not available previously in literature as per our knowledge. The structural, 
morphological, optical and electrical properties were examined. The resistivity of Zn-
enriched ZnTe thin films increased up to 10
8
 Ω-cm but the transmission was more than 
70 % in the visible region. The Te-enriched ZnTe thin films showed low resistivity of 10
3
 
Ω-cm with more than 70 % transmission in the visible region. It was concluded that the 
Te-enriched ZnTe thin films were suitable for interfacial layer between absorbent layers 
to metallic back contact in II-VI semiconductor solar cells instead of as-deposited ZnTe 
thin films with high resistivity. 
Fabrication of CdS thin films was carried out using CSS technique as a window layer.  
The structure showed hexagonal phase with (002) as preferred orientation. The effects of 
variation in thickness on optical and electrical properties were observed. The resistivity 
  
 
133 
of as-deposited CdS thin films was 10
5 Ω-cm. The transmission of as-deposited CdS thin 
films was more than 80 % in the visible region. The energy band gap was 2.40 eV.  
Angle resolved transmission showed the decrease in transmission as angle of incident 
light increased. 
CdZnS thin films were fabricated successfully using mechanical mixing method. Mixed 
phase of cubic and hexagonal structure were observed in CZS thin films with (002) 
planes as preferred orientation. The energy band gap enhanced from 2.42 eV to 2.57 eV 
after Zn diffusion. Variation in energy band gap of CZS thin films indicated that these 
films were more transparent (10 %) for visible spectrum as compared to CdS thin films. 
The Transmission about 80 % and n-type conductivity was observed. CZS thin films can 
be used as a window layer instead of CdS having wide energy band gap and can be 
fabricated using CSS technique.  
Recommendations for future work 
For further experiments and developments in second generation based solar cells, 
suggestions and recommendations are given below: 
Parameters optimization may enhance the physical properties of ZnTe thin films used as 
a buffer or interfacial layer between the CdTe and back metal contact and CZS thin films 
for window layer in CdTe based solar cell. Doping should be done using CSS technique. 
The composition could be controlled by using CSS technique; it will be helpful to 
fabricate thin films with desire compositions.   
Mechanical mixing method could be adapted to fabricated II-VI semiconductors thin 
films using CSS technique. 
This study should be applied in the fabrication of CdTe based solar cells. 
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